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for spintronics applications.

IBM and Globa Foundries, Inc. on making metal-carbon nanotube/graphene
interconnects.

Activitiesand Findings

Resear ch and Education Activities: (See PDF version submitted by Pl at the end of the report)

Introduction

Nanoscale materials and devices offer great promise for many
important civilian and military applications, but their fabrication

often proves problematic. Similarly, integrating nanostructures with
microsystems or other nano structuresis one of the main roadblocks to
transitioning from single structure fabrication to true
nanomanufacturing. This research focuses on atechnology that has an
excellent potential for solving these problems. It is Electron Beam
Chemical Vapor Deposition or simply EB-CVD. Specificaly, two
electron beam processes are being developed. Both are capable of
depositing metals and ceramics by EB-CVD and are complimentary in
nature. The first process uses atightly focused electron beam, i.e.,
beam diameters as small as 1 nm, to achieve high spatial resolution of
the fabricated structures. The second process uses a broad beam and
relies on constructive and destructive interference to permit

patterning of large areas, leading to high throughput manufacturing.
The judicious combination of these two processes offers a unique
opportunity to manufacture very complex structures by computer-
controlled concurrent movement of the narrowly focused and broad beams
relative to the substrate.

The goals of this NIRT research project were:

1) To develop anovel nanoscale manufacturing tool that utilizes EB-
CVD, electron beam surface enhancement, or etching.

2) To obtain afundamental understanding, via modeling and
experimentation, of the physical, chemical, and materials phenomena
that control deposition, surface enhancement, and etching.

3) Toidentify process-nanostructure-property relationships for akey
set of materials that will permit fabrication of advanced nanoscale
materials and devices, including integrating nanomaterials with
microsystems.

An electron beam has been shown to interact with reagent
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chemicals that are adsorbed onto the surface of a solid substrate
causing a chemical reaction(s) that leads to the deposition of a solid
metal or ceramic onto the substrate. Importantly, the deposition
occurs with minimal heating and thus sensitive substrates or previous
deposits are not thermally damaged. Since electron beams can be
focused to spot sizes on the order of 1 nm, it is possible to
fabricate truly nanoscale devices. Our research will permit
establishing the scientific and engineering knowledge base necessary
to permit efficient use of EB-CVD for fabrication of nanoscale
materials and devices. By automating beam movement with a
commercially available beam patterning system, it will be possible to
rapidly and reproducibly fabricate truly nanoscale materials and
devices of 2-D and 3-D architecture and to use the system to integrate
nanomaterials with microsystems.

Results for the EB-CVD processes being studied as well as
modeling of these processes appear in the attached file.

Findings: (See PDF version submitted by Pl at the end of thereport)

Our advances in fundamental understanding of the EBID process, as

described in the previous attachment, have been applied to devel opment

of two new nanomanufacturing processes relevant to important
applications: (1) making a low-temperature Ohmic contact for the next
generation of electric interconnects based on ballistically-conducting
multiwalled carbon nanotubes (MWCNTS) and (2) resist-free rapid
prototyping of high-aspect-ratio, topologically-complex three-
dimensional (3D) metal-semiconductor nanostructures using electron

beam assisted deposition of amorphous carbon in combination with metal
assisted chemical etching (EBID-MaCE). The results demonstrated have

been well received by the technical community and are currently being
expanded to other applications.

Specific conclusions follow:
? Mass transport to the growing deposit determines the overall
growth rate of the deposit.

? The mass transport to the deposit is both diffusive (far from
the deposition zone) and ballistic (near the deposit) in nature.

? Secondary electron scattering within the substrate and deposit
determines the morphology of the deposit. The deposit shape can be
controlled by changing the characteristics of the primary electron
beam as well as the properties of the substrate.

? Electron scattering by the precursor gas in the deposition

chamber can significantly hinder the growth of the deposit at high (>
5 torr) chamber pressures. To address this challenge, the micro-needie
gas injection system was developed for precise delivery of the
precursor to the deposition spot in minute quantities

? High resolution transmission electron microscope images of
platinum deposits have revealed mainly amorphous structure with
presence of nanocrystals. The crystallinity of the deposits was shown
to increase by annealing at elevated temperatures.

Final Report: 0403671

Page 4 of 11



? Depositing carbon using methane as a precursor has been
optimized to achieve arepeatable process by careful control of the
deposition conditions.

? Carbon was successfully deposited using acetylene asa
precursor. Thiswas the first ever demonstration of such a process.

? Silicon carbide nanostructures were successfully
deposited using monomethylsilane as a precursor.

Training and Development:

Importantly, numerous students participated in actual device
fabrication. The graduate and undergraduate students working on the
project have become proficient in the use of NPGS software for control
of the electron microscope for EB-CVD. This understanding of the
fundamental principles and practical aspects of operation of the
electron microscope has also been supported by course work on the
theory of electron microscopy. |mportantly, the undergraduate
students have gotten to see how research is planned, conducted, and
analyzed.

There are three Ph.D. students intimately involved in this

project who are making EB-CVD their thesistopic. As the theoretical
side of this project is being advanced by the development of process
models, emphasisis also being placed on training and practice with

the focused and broad beam EB-CVD systems. Thus, these students are
learning about equipment, experimentation, and modeling. Through
familiarization with the equipment and procedures used in the process

it will be possible to validate the model results through

experimentation.

All three graduate students are also intimately concerned with
understanding the fundamental chemistry and physicsinvolved in
electron-beam enhanced chemical vapor deposition, electron-surface and
electron molecule scattering. Thereis close coupling to the
experimental and modeling and theory efforts underway in the
laboratoriesinvolved. Freguent meetings prompt exchange of progress
and ideas between the four professors and students involved in this
interdisciplinary research.

Two undergraduate students, enrolled in the mechanical engineering
program here at Georgia Tech, previoudly participated in the NIRT
research activities as NSF REU fellows. They were fully trained on the
operation of the scanning electron microscope and all supporting
equipment, and have performed a number of independent deposition

experiments with the EB-CVD system. They were also actively engaged in

the critical analysis of the available EB-CVD literature as well as
development of the EB-CVD models. They report very positive
experiences.

All of the undergraduate and graduate students have the opportunity to
see how alarge interdisciplinary research project is
conducted/managed via our group meetings and presentations.

One post-doc student is also active on the project. Heisresponsible
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for deposit characterization and teaching both undergraduate and
graduate students the science and art of SEM/TEM/EDS/EELS.

Demonstrations on molecules, color, and temperature to the Morris
Brandon Elementary School 1st and 2nd Grades were performed.

The science and technology of EB-CVD wasintroduced in at least two
graduate level courses.

Outreach Activities:

Dr. Orlando made presentations to Kindergarten and 1st grade students

at the Morris Brandon Elementary School, Atlanta Public School on
molecules, color, and temperature.

Dr. Lackey mentored an elementary student.

Dr. Wang made a number of presentations to the general public, at
universities, and at international conferences on nanoscience. Prof.
Fedorov and his students' research in FEB-CVD was featured in a
documentary by the Bavarian educational TV network 'Global Engineering
Education-U.S. Perspective' (filmed in April 2007, and released in
September 2007).
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Other Specific Products

Contributions
Contributions within Discipline:

Our work contributes directly and on the most fundamental level to a
number of disciplines, including manufacturing sciences (CVD), heat,
mass, and electron transport, electron microscopy, and surfaces
sciences. Thisincludes uncovering new facts about fundamental
behavior of materials and electron-matter interactions on the

nanoscal e through experimental work, as well as development of basic
understanding and means for process control by theoretical analysis
and mathematical modeling of the complex and highly interacting
physico-chemical processes underlying EB-CVD and occurring on a
multitude of length and time scales.

We have demonstrated that the chamber scale precursor transport is the
rate limiting step determining the growth rate of depositsin FEB-CVD.

We have demonstrated that the surface diffusion of adsorbed precursor
mol ecul es defines the shape of the deposit upon interaction with the
secondary and back-scattered primary electrons.

We have identified the cascade of energy transfer from the impinging
primary electrons to substrate/deposit electrons and phonons, and
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under what conditions this would result in non-equilibrium heating of
the deposit leading to change in its crystallinity.

The EB-CVD process offers great potential for the economical
fabrication of nanoscale materials and devices. For this potential to

be realized, the science and technology of EB-CVD must be advanced.
This year we have made great progress toward that end goal. The
growth of platinum and carbon dots, fibers, and lines has been shown
to be very rapid and controllable. Extensive experimentation has
established quantitative relationships between the key process
variables (voltage, current, spot size, and dwell time) and deposit
characteristics (deposition rate, shape, aspect ratio, uniformity, and
structure). Thisinformation providesinsight into the deposition
mechanism as well as provides processing maps that will be very useful
for manufacturers of nanoscale devices.

Graduate and undergraduate students from the School of Chemistry and
Biochemistry, the School of Mechanical Engineering, and the School of
Materials Science and Engineering are receiving valuable
interdisciplinary training in Physical Chemistry, Materials Science,

and Physics. The overall program emphasisisto develop a
fundamental understanding of electron beam enhanced CVD of
nanostructures so that a scaleable processing technology can be
developed. Thus, thetraining istruly mixed between fundamental
science and applied engineering.

Contributionsto Other Disciplines:

We demonstrated a resist-free rapid prototyping method for fabricating
three-dimensional structures using electron beam induced deposition.
Our successful fabrication of a device that incorporates a multi-wall
carbon nanotube demonstrates the utility of the EB-CVD process.

Our understanding of platinum deposition will be of direct benefit to
abroad array of manufacturers of microelectronics. Both manufacture
and repair of micro and nano scale devices will be of immense
industrial value.

The knowledge of €lectron-adsorbate interactions gained from this
research project has broad applicability to many other disciplines,
for example, hydrogen generation. As the project matures, we will
greatly advance the science in thisimportant area of chemical
physics.

We have developed a general theoretical methodology and identified the
dimensionless criteriathat define transition from transport-limited
to reaction-limited growth of nanostructures.

We have developed a scaling theory supported by experiments, which

permits evaluation of energy dissipation cascade in electron beam
mediated materials processing and electron microscopy.

Asapart of the commitment to the Multiscale Integrated hermofluidic
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research group within the Mechanical Engineering Department, a seminar
was given to other graduate students within the department. This
seminar covered a basic overview of the EB-CVD project and the
modeling work done to date. In addition to serving informative

purposes, it also allowed valuable, critical feedback on the project

from students working in a variety of areas.

Contributionsto Human Resour ce Development:

The project has been of direct value to numerous graduate and
undergraduate students. They have learned how to plan, conduct ,
analyze, and report scientific and technical information. Most of them
have obtained experience in both experimentation and modeling. They
have also gained experience through presentations and
scientific/management meetings. They have also been exposed regularly
to other disciplines, given the interdisciplinary nature of this

project. Our contact with K-12 students hopefully will have an impact
in the future.

Contributionsto Resourcesfor Resear ch and Education:

The state-of-the-art EB-CVD system is a valuable research tool for
Georgia Tech. We have on many occasions prepared samples of platinum
deposits for other researchers at Georgia Tech who are not funded by

this project but whose results (for example, electrical conductivity
measurements) will benefit this project.

We have incorporated the science and technology of EB-CVD into several
graduate courses at Georgia Tech.

Contributions Beyond Science and Engineering:
The knowledge gained by FEI,Inc. through their interaction with us

should result in the devel opment of improved EB-CVD systems that will be

available commercialy. Such systemswill permit industry to
manufacture improved microel ectronic and medical products. We have an
on-going relationship on using electron beam deposition of carbon for
making metal-CNT/graphene interconnects with the IBM T. J. Watson
Research Center and Global Foundries, Inc.

Conference Proceedings

Categoriesfor which nothing isreported:

Any Web/Internet Site
Any Product
Any Conference
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FEB-CVD is a process by which a tightly-focused, high-energy electron beam, usually that of an
electron microscope, impinges on a substrate. Through interaction with the substrate, the high energy
primary electrons produce low energy secondary electrons some of which escape the surface of the
substrate where they dissociate an adsorbed precursor gas into both a solid deposit and gaseous by-
products. As the deposit grows, the electron beam also begins to interact with the deposit itself.
Figure 1 shows a general schematic of the FEB-CVD process where precursor molecules are
transported to the substrate where they adsorb onto the surface. Three methods of precursor gas
introduction are common: complete flooding of the reaction chamber with the precursor, flooding of
a smaller reaction cell within the chamber and local injection of the gas using very a fine needle.
Once on the surface, the molecules are free to redistribute by surface diffusion. When the adsorbed
molecules encounter electrons that are of the appropriate energy (typically secondary electrons), the
precursor molecules dissociate or react to form a deposit. The nature of the deposit is dependent on
many process variables including beam energy, current and width, precursor chemistry, method of
precursor introduction, substrate properties, among others. FEB-CVD has shown promise for
nanoscale deposition - smaller than 10 nm deposited structures have been reported [1] made from a
variety of materials [2, 3]. Potential applications of this process include one-step nanofabrication [4,
5], micro fabrication mask repair [6], integrated circuit fabrication, and fabrication of high resolution
scanning tunneling [7] and atomic force microscope tips.

In an attempt to characterize the electron beam chemical vapor deposition process extensive
experimentation has been performed under a wide variety of conditions and with many different
precursors. However, limited advances have been made in providing theoretically sound and
experimentally validated understanding of the basic underlying physics. Silvis-Cividjian et al. [8]
used simulation techniques developed for electron microscopy (Monte Carlo simulations) to
investigate the role of electron scattering and secondary electron production in the deposit profile
evolution. This work was later extended by others [9, 10], but accurate predictions of the deposit
growth rate (both qualitative, i.e., correct functional dependence on the system parameters, and
quantitative, i.e., accurate magnitude of the growth rate) have been elusive. Furthermore,
consideration of the precursor gas transport to the deposition zone, both bulk-to-surface and on the
surface, has been ignored and theoretical work in this field has been limited to electron-solid
interaction.

Chamber Scale Transport

To identify the growth limiting process, a comparison time scales for relevant physical phenomena
can be made. For the precursor molecules, there is a time scale associated with their transport to the
substrate 7,, a time scale for adsorption onto the substrate 7,, and a time scale on which the

deposition reaction occurs 7, . For the electrons, there is a time scale for transport from the electron

source (i.e., the zone within the substrate where secondary electrons are generated) to the deposition
zone 7. These time scales need to be compared to the observation time scale 7, on which the
growth of the deposit can be practically measured in experiments. It must be noted that to estimate
the time scale for precursor transport, the type of transport (diffusive or ballistic) must be assumed.
Here, we consider both since either the local (deposit scale) or global (chamber scale) transport may
dominate depending on the deposition mode. Using typical system parameters and
precursor(CHa)/substrate(S1) properties all relevant time scales can be estimated (7, 5, ~ 107 s,

Tryunsie ~ 10 s [11], 7, ~10%s, 7, ~10° s, 7, ~ 107 s, 7, ~ 10% 5). Since 7, is the largest

process time scale the precursor transport is the slowest and, therefore, the rate limiting process; and



all processes, including precursor transport, can be treated as quasi-steady-state with respect to the
much greater observation time scale.

With this understanding, we consider four simple scaling models that could predict the trends
associated with transport-limited deposit growth in FEB-CVD [12]. These models result from
application of mass conservation by equating the deposition rate to the rate of precursor mass transfer
to deposit. Specifically, we consider two stages of deposition: early hemispherical growth upon
nucleation and longer-term growth of a cylindrically-shaped deposit with limited lateral broadening.
Such experimentally observed deposit shapes are defined by the location of the primary electron
scattering, i.e., within an unbounded substrate (hemispherical growth) vs. within the confines of the
deposit itself (cylindrical growth). Using the gas kinetic theory, it is predicted that in the case of
ballistic precursor transport to the hemispherical deposit, the deposit radius increases linearly with
time r~¢ (model 1). For ballistic transport to the top of a cylindrical deposit (treated as a
hemispherical cap), the deposit radius is constant and its characteristic size (height %) still grows
linearly with time %4 ~¢ (model 2). If the continuous (chamber scale) diffusive transport is rate
limiting, the early (hemispherical) and longer-term (cylindrical) growth of the deposit should follow

the relationships 7 ~ ¢ (model 3) and #~¢ (model 4), respectively. It is important to note that all
models except for continuous diffusion to a hemispherical deposit (model 3) predict a linear
dependence of the deposit size on time. Additionally, when diffusive transport is assumed, the models
predict that the overall size of the deposit will be independent of the pressure.

To determine which of the scaling relationships and associated transport modes govern FEB-
CVD we have performed a set of carefully controlled experiments [12]. A 10% methane (precursor)
90% argon precursor was used to deposit carbon onto a polished silicon substrate. Deposits obtained
for an electron beam energy of 25 keV, a beam current of 1100 pA, and for a working distance
(between the electron column and substrate) of 10.5 mm can be seen in Figure 2 (a). These deposits
are fairly cylindrical in shape and have a high aspect ratio. The height of these deposits as a function
of time is shown in Figure 2(b). More hemispherical deposits were made using similar primary beam
energy of 30 keV but a higher beam current of 5000 pA and are shown in Figure 3. The growth of the
25 keV cylindrical deposits (Fig. 2) and the 30 keV hemispherical deposits (Fig. 3) exhibit the
approximately linear (model 4) and square-root (model 3) time dependences, respectively. This
indicates that the rate-limiting step of FEB-CVD is continuous (chamber-scale) diffusion of precursor
molecules to the deposition zone. Even though the deposit sizes in Fig. 3 are smaller overall than
those in Fig. 2, the volume of the deposits is approximately the same (for a given deposition time and
pressure). Thus the effect of an increase in beam current from 1100pA to 5000pA on the amount of
material deposited is minimal.

Recall that the diffusive transport models predict no dependence of deposit growth rate on
pressure. However, this behavior is not observed in Figs. 2 and 3. In reality, the size of the deposit
decreases with an increase in the chamber pressure. This rules out the possibility of the ballistic
precursor transport since it calls for an increase of the deposit size with pressure (models 1 and 2). If
one considers how pressure affects the primary electron beam current actually reaching the substrate
these results are not surprising. As the electrons pass through the gas-filled chamber they are
scattered. The extent of scattering is dependent on the chamber pressure, the electron scattering cross
section of the gas, and the distance traveled by the electrons to reach the substrate. Because of the
exponential dependence of the scattering on pressure, a significant decrease (orders of magnitude for
higher chamber pressures) in the number of electrons reaching the substrate could be expected. This
reduced primary current results in a reduced number of “reactive” secondary electrons generated and,
in turn, a reduction of the deposit size as the pressure increases. This observation is consistent with



the results shown in Figs. 2 and 3. An exponential decay in the beam current can be readily recovered
from the experimentally measured deposit volumes as function of the chamber pressure. It is difficult
to estimate the amount of scattering quantitatively since accurate scattering cross sections for the
electron energies used for FEB-CVD are not available. Instead, we explored the effect of electron
scattering experimentally. The results can be seen in Figure 4 which shows deposits made using the
same system settings as those in Fig. 3 except that the working distance was decreased from 10.5 mm
to 5.5 mm. The reduction in the beam travel distance, and thus its scattering, leads to an overall
increase in the size of the deposits. Additionally, the deposition curves for different pressures closer
together. Consistent with the chamber-scale, diffusion-limited mode of deposition, the results now
exhibit minimal pressure-dependence especially at lower chamber pressures.

Surface Transport

Potential importance of surface diffusion contribution to overall mass transport in FEB-CVD has
been brought up by several authors [8, 14]. Analysis of electron beam induced deposition (EBID) of
residual hydrocarbon contamination in electron microscopy allows for evaluation of surface diffusion
influence on the growth rates and shape of FEB-CVD deposits. Contamination deposition is a
common phenomenon in electron microscopy most often manifested through formation of thin
carbon films during imaging. With appropriate control of the electron beam carbon dots and lines
[15] as well as sophisticated three dimensional carbon nanostructures [16] have been deposited.
Muller [17], Reimer and Wachter [18], and Amman et al. [15] have explored experimental and
theoretical aspects of the contamination deposition process, all coming to conclusion that surface
diffusion is the dominant species transport mode. Amman et al. [15] proposed a rudimentary species
transport model combined with a simplistic electron scattering model. However, formulation used by
Amman is inadequate as it did not take into account transient spatial distribution of the precursor
concentration and dynamic surface evolution effects. In our work [13] we have developed a
comprehensive dynamic model of EBID coupling surface mass transport, electron transport and
scattering, and precursor species decomposition to predict the deposition of carbon nanostructures.
The governing surface transport equation has been derived, generalized by nondimensionalization,
and solved numerically. In the derivation of the STE it is assumed that desorption and adsorption
reached equilibrium, the nanostructure is radially symmetric, surface concentration changes due to
dilution are negligible, and that the surface properties of the substrate and deposit are the constant.

* *
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Here, the starred quantities are rescaled concentration C*, time ¢*, deposit radius »* and arc length
s*, and mass sink (reaction) term é‘* The relevant time scales include diffusion time scale 7,
equal to diffusion length scale (~ full width at 50% of the electron beam) squared divided by the
surface diffusion coefficient (=d; / D), the mass sink (reaction) time scale ,, equal to the inverse
mass sink (reaction) scale, given by the product of primary electron flux j,, with the secondary
electron yield per primary electron O, and maximum dissociation cross section o, (
=1/ jprOg:0 s )» and the observation time scale ¢, on which growth of deposit occurs. Based on
the relative magnitudes of the diffusion (7, ) and reaction (¢, ) time scales three distinct growth

regimes can be identified. In case #,, ? ¢, deposition reaction is much faster than the surface



diffusion, resulting in diffusion-limited growth regime. In case #,; = ¢, surface diffusion is much

faster than the reaction, resulting in a reaction-limited growth regime. The most general mixed
reaction-diffusion growth regime occurs when ¢, : ¢, . The three possible deposition regimes
have been simulated by selecting sets of physical variables corresponding to appropriate relationship
between the relevant time scales. Details of the Monte Carlo electron scattering and generation
models, discretization of and solution algorithm to the STE applied in the simulation are described in
detail in Rykaczewski et al. [13]. Primary electron beam settings corresponding physical operation of

FEI Quanta 200 ESEM have been used (beam diameter d,=40nm, current of ~100pA, and

accelerating voltage of 30 keV). Acetalene adsorption on Si(100) was selected as a representative
precursor-substrate pair due to its well studied nature [19].

The simulated evolution of the deposit for total time of ~2.1s for reaction-limited, mixed
(diffusion-reaction), and diffusion-limited cases are shown in Figs. 5(a)-5(c), while the corresponding
precursor concentration profiles (mixed and diffusion limited-cases only) are shown in Figs. 6(a)-
6(b). A maximal average vertical growth rate of 9.7 nm/s was obtained in the case of the reaction-
limited deposition. In the case of the mixed diffusion-reaction regime, a lower surface diffusion
coefficient results in decrease in the precursor supply to the reaction zone, thereby decreasing the
averaged vertical growth rate to ~3.7 nm/s. For the simulated time of 2 seconds, only a thin film was
deposited in the case of the diffusion-limited regime. Quantititative comparison between theoretical
and experimental investigations calls for highly detailed information surface transport and reaction
properties of the specific precursor-substrate pair, which is difficult to find and obtain experimentally.
However, the results of our growth rate simulations [13] appear to be in a close agreement with the
experimental vertical growth rates (5.6-50 nm/s) obtained by Ueda and Yoshimura [16] for various
substrates and primary electron beam energies (5-30 keV).

It is important to point out that the vertical growth rate can be misleading measure of the
deposition rate since it depends on the deposit shape. A volumetric deposition rate is shape-
independent and far more instructive as a measure of deposition rate. We have shown that as oppose
to the simulated vertical growth rate, the simulated volumetric deposition rates agree well with the
deposition rate trends expected from scaling analysis. Nanopillars deposited in different deposition
regimes not only grow at different rates, but also have different shapes. As shown in Fig. 7, when
deposition is limited by mass transport not only is the deposition rate slower but in addition much
broader structures are formed. The broadening of the nanopillars due to primary electron scattering
and secondary electron generation within the deposit [8] does not play a significant role in widening
of the shape in the early deposition stages discussed here. The broadening due to electron scattering
within deposit is independent of the mass transport and occurs at further stages of the growth when
deposit size is comparable to the electron mean free path (~20 nm at 30 keV in carbon) [20].

Use of Inert Gas Jet

Recently, we discovered that an inert, precursor free, argon jet is used to control the rate of EBID
[21]. We demonstrated that a change in the jet inlet temperature either increases surface diffusion to
greatly enhance the deposition rate or depletes the surface precursor due to impact-stimulated
desorption to minimize the deposition or completely clean the surface. We have decoupled plasma
effects from jet impingement and experimentally demonstrated that the plasma is not substantially
contributing to the enhanced surface mobility of an adsorbed precursor. Instead, the energy transfer in
the course of gas jet impingement has the effect of raising the precursor temperature, which
consistently describes all phenomena observed in experiments. Use of an inert gas jet for EBID
growth modulation is expected to be applicable to different modes of the precursor introduction to the



substrate, albeit perhaps in a more complex fashion when both the precursor and an inert gas are co-
jetted onto the surface. Since the jet has a local effect on the surface and allows for rapid changes in
the precursor behavior, this technique will allow for new degrees of freedom for EBID in
nanomanufacturing. Additionally, a high-energy inert jet may be applied to locally clean the surface,
which is of relevance to high-resolution SEM imaging.

Thermal Issues

Substrate and deposit heating by electron beam (EB) during FEBCVD has been hypothesized to
affect deposit composition and crystallinity and may also affect precursor transport to the deposition
zone. No direct experimental measurements of temperature rise within FEBCVD deposits are
available due to small characteristic length scales. Theoretical treatment of the subject has also been
limited to a few simplistic models [22]. Randolph et al. [22] implemented the single-scattering
electron interaction Monte Carlo model described in detail by Joy [20] to predict a heat generation
term for the steady state heat diffusion equation, which was then solved numerically. However, the
assumption of diffuse transport of the heat carriers is questionable if characteristic length (e.g., a
characteristic dimension of nanodeposit) is comparable to the mean free path of the heat carriers,
which is the case for FEB-CVD. In such case the heat carriers (conduction electrons in metals and
phonons in dielectrics) have to be modeled as discrete particles with their transport described by
Boltzmann Transport Equation (BTE). Development of such a transport model is difficult and has
not yet been applied to the electron beam heating problem. In this work, a time scale analysis of
relevant high energy electron interactions with target materials and heat carrier transport (both
electrons and phonons) is used to estimate thermal perturbation introduced by electron beam. Copper
is selected as a representative material since it is often used as a substrate in electron microscopy
imaging and many of the deposited materials are metallic. In the course of scattering in metal
primary electron looses most energy due to excitation of conduction, valence, and core electrons [23].
The Fast Secondary Electron (FSE) model [20] can be used to estimate a total Inelastic Mean Free
Path (IMFP) for these excitation processes. The averaged (0<E<20 keV) IMFP for copper is ~8.4 nm

while the related time scale is 7, =1.4-10"'°s. The electron-phonon scattering mean free path and
the scattering time can be obtained from the electric resistivity data. For high-purity copper the

electron-phonon scattering time z, , equals 2.5-10""*s, while the mean free path A, _pn 18 38 nm

[24]. Ziman [25] estimates the free electron-free electron scattering time 7, ~10™" s, which
results in a mean free path 4, , of ~1.5 um (assuming Fermi velocity of ~1.5-10°m/s [24]).

Calculation of the phonon relaxation time in metals is not trivial. The phonon mean free path in
metals depends on phonon-phonon (U-processes), phonon-electron and phonon-defect scattering.
However since the temperature of interest (T~300K) is close to the Debye temperature for copper (
0, =340K [24]) the phonon-mean free path can be roughly estimated by neglecting the phonon-

electron and phonon-defect contributions. This yields a phonon mean free path 4, of ~7 nm [25].

Dividing the phonon mean free path by the average phonon speed of 5000m/s [24] results in the
characteristic time for phonon scattering 7, ~ 1.5-10"%s. Comparing all relevant time scales for a

primary electron scattering results in:

Tph ~ Tec—ec ? z-ec—ph ? 2-PECu (2)



Based on these time scales the proper formulation of high energy electron heating of a metal will
involve solution of both the electron and phonon transport equations. The two transport equations are
coupled through the electron-phonon collision integral described by Vasko [26]. The electron
transport equation should include an electron source term to account for the perturbation introduced
by the excited core and valence electrons. The source time scale 7, represents time between two

primary electrons impinging on the substrate and can be easily computed by dividing the charge of an
electron by the electron beam current /. The calculated source time scales for electron beam currents
used by Utke et al. [27] in experiments evaluating the thermal effects of electron beam heating are
given in Table 1.

Table 1. Electron Beam currents used by Utke et al. [27] and corresponding source time scales
Current, | (pA)| 20 112 1.1x10° | 1x10* | 82x10* | 3x10°

7, (s) 8x107°(1.43x107°(1.45x107"°1.6x107"{1.95x107*{5.3x107"*

For electron beam currents up to ~1000 pA 7z, ? 7, ~7, , ? 7 In such case

e, ¢,—ph ? Trecu-
both the local electron and phonon distributions will barely be perturbed by a primary electron and
will reach equilibrium before another primary electron enters the substrate. In turn, energy dissipated
by an individual primary electron over its trajectory within the metal target can be neglected,
resulting in negligible heating and temperature rise. With currents in the 10-1000 nA range the
electron source term time scale will be on the same order of magnitude as the phonon relaxation time.
In such case the electron beam will start introducing a slight perturbation to the phonon distribution
while the electron distribution will reach equilibrium quickly. Thus, in experiments with beam
currents in the 10-1000 nA range a moderate and spatially uniform heating and temperature rise can
be expected. If electron beam current is greater than ~(1-10) pA the electron source term time scale
will be of the order of magnitude of the electron-phonon collision time scale or shorter. Such high
currents will result in significant perturbation of both the electron and phonon distributions. With
both distributions in non-equilibrium a significant heating and increase in target temperature are
expected.

Utke et al. [28] have recently shown that beam current can affect both the composition and
crystalline structure of the deposits of cobalt from Co,(CO)s grown using FEB-CVD. Figure 8 shows
cross sections of three different sets of deposits made. Deposits made using the lowest current (20
pA) have the lowest cobalt content and no apparent crystalline structure. Deposits made at the highest
current (82 nA) have a much higher percentage of cobalt and exhibit some structural organization. It
has been hypothesized that at high deposit temperatures (>100 C) more Co4(CO);, is converted to
metallic cobalt which results in a more pure cobalt deposit. Higher temperatures could also provide
the energy for rearrangement of the deposited cobalt into a more favorable crystalline structure.
Experimental finding of Utke [27, 28] support theoretical time scale analysis predictions presented in
this paper. Currents of ~(20-1000) pA correspond to limited heating and, therefore, low metallic
cobalt concentration. Whereas the currents higher than ~100 nA result in significant heating and an
increase in cobalt concentration as well as deposit crystallinity.

Applications

Our advances in fundamental understanding of the EBID process, as described in the previous
sections, have been applied to development of two new nanomanufacturing processes relevant to
important applications: (1) making a low-temperature Ohmic contact for the next generation of
electric interconnects (Fig. 9) based on ballistically-conducting multiwalled carbon nanotubes



(MWCNTs) [29-31] and (2) resist-free rapid prototyping of high-aspect-ratio, topologically-complex
three-dimensional (3D) metal-semiconductor nanostructures (Fig. 10) using electron beam assisted
deposition of amorphous carbon in combination with metal assisted chemical etching (EBID-MaCE)
[32-34]. The results demonstrated has been well received by the technical community and are
currently further expanded to other applications.
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Figure 2: Carbon deposition with 25 keV, 1100 pA e-beam at 10.5 mm working distance: (a) SEM
micrographs of the 1 torr deposits, (b) Deposit size as a function of time for various chamber
pressures.
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Figure 3: Carbon deposition with 30 keV, 5000 pA e-beam at 10.5 mm working distance: (a) SEM
micrographs of the 1 torr deposits, (b) Deposit size as a function of time for various chamber
pressures.
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Figure 4: Carbon deposition with 30 keV, 5000 pA e-beam at 5.5 mm working distance: (a) SEM
micrographs of the 1 torr deposits, (b) Deposit size as a function of time for various chamber
pressures.
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Figure 5: Transient evolution of the deposits for the three growth regimes of (a) reaction-limited, (b)
mixed (reaction-diffusion), and (c) diffusion-limited cases, shown in steps of 0.35 s.
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Figure 6: Concentration profiles for the (a) mixed (diffusion-reaction) and (b) diffusion-limited

deposition regimes shown in steps of 0.35 s. The insert in Fig. 6 (a) is a magnified view of the

concentration field in the vicinity of the symmetry axis of the deposit, clearly showing the vanishing

gradient of concentration at r=0.
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Figure 7. Comparison of deposit shapes simulated for the reaction-limited and mixed (diffusion-

reaction) regime grown to the same height. The growth of the mixed regime deposit takes much

longer (2.1s) as compared to that (0.67s) for the reaction-limited deposit.
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Figure 8: Deposit made by Utke et al. [28] using three different beam currents (20 pA, 1.1 nA and
82 nA) showing an increase in cobalt content and crystallinity.
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Figure 9. (a-c) 30° and top view SEM images of
EBID pillars grown for a period of 1, 3, and 5
minutes on a MWNT with the diameter of (a) 130
nm, (b) 80 nm, and (c) on a bare silicon substrate
and the amorphous carbon lines grown by EBID for
2.5, 5, 7.5, and 10 minutes. (d-e) surface
distributions (side views along the axis of MWNT)
of the reactive electron flux (s™), precursor
concentration and instantaneous deposit growth rate
(nm-s") for the cases of (d) isotropic and (e)
anisotropic  secondary electron scattering. (f)
simulated deposit shapes after 5 ms of deposition for
(f) isotropic and (g) anisotropic secondary electron
scattering within the MWNT and (h) example of
cross section (cut along axis of MWNT) prolife of an
EBID carbon pillar grown at end of MWNT.
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Figure 10.
high-aspect-ratio nanostructures (GT
Logos) fabricated using negative-
masking via amorphous carbon EBID-
MaCE process of gold-coated silicon
substrate. SEM images (under 30° tilt)
and AFM topological maps of Si
structures formed after 15 (a,c) and 30
(b,d) seconds of etching of EBID-aC/Au-
coated samples (Au film thicknesses is
47 nm). Due to resist-free nature
EBID/MaCE process is simple, flexible
and robust alternative to the current state-
of-the-art 3D nanofabrication techniques.
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