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APPARATUS FOR DEPOSITION ON TWO
SIDES OF THE WEB

BACKGROUND

[0001] In conventional deposition apparatuses, the deposi-
tion process 1s performed only on one side of a substrate at a
time. Another side 1s usually maintained in contact with a
supporting surface, such as a roller or a flat plate, which may
be used as a reference during deposition and/or to provide
temperature control to the substrate. In some embodiments,
the substrate 1s a web. A web may exert some pressure onto
the supporting surface created by web tension and/or web
weight. When two sided deposition 1s needed, a web 1s typi-
cally processed twice. Deposition 1s performed on one side
first. The web 1s then rewound back through the same depo-
sition station or fed through another deposition station to
deposit on the other second side. As a result, processing time
or equipment costs are doubled.

[0002] Further, during the second side deposition, the web
with material already deposited on the first side 1s again
exposed to process conditions, which may involve high tem-
perature and/or reactive processing gases. The first side,
which contacts the supporting surface under these conditions,
often experiences substantial compressive and/or shear forces
exerted by the supporting surface. Such approach may not be
suitable for depositing fragile matenals. For example, silicon
nanowires may easily break when compressed or sheared at a
temperature above 350° C. A first side deposited materials
(e.g., an active electrode layer) may collapse or break during
second side deposition and become unsuitable for use 1n
batteries or other applications.

[0003] Methods and apparatuses are needed to deposit
materials on both sides of a web 1n efficient ways while
keeping materials deposited on both sides intact.

SUMMARY

[0004] Apparatuses and methods have been developed to
feed a web 1n a substantially vertical direction through a
deposition station and depositing various materials, such
clectrode component materials, on both sides of the web
using a dry process technique. In particular embodiments, a
web does not contact any hardware components during the
deposition. In one example, however, a web may be supported
before and/or after processing 1n the deposition station. Fur-
ther, at 1ts support points, the web may be exposed to condi-
tions (e.g., temperature, gases) that are different from those in
the deposition station. For example, a web may be cooled
alter the deposition and before contacting any hardware com-
ponents. This allows depositing (and protecting from dam-
age) materials that are fragile under deposition conditions,
such an electrode active layer contaiming silicon nanowires.
In addition to protecting deposited materials, this approach
helps to increase an overall process throughput since only one
pass through a deposition station is required.

[0005] An apparatus may include one or more deposition
stations arranged to receive a web passing 1n a substantially
vertical direction through the deposition apparatus. In certain
embodiments, a deposition station may include a first port for
delivering an electrode component material, or a precursor
thereol, to a first side of the web as 1t passes through the
deposition station. The station may also include a second port
for delivering said electrode component material, or a precur-
sor thereot, to a second side of the web as 1t passes through the
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deposition station. In some cases, the ports are designed to
deliver materials employed 1n “dry” deposition processes
such as CVD and PVD. Accordingly, dry process deposition
may be performed on both sides ol the web 1n the same station
in a single pass. Typically, the apparatus 1s designed so that no
hardware components come 1n physical contact with the web
during deposition, while the web 1s passed through the depo-
sition station.

[0006] A web may travel a vertical distance through the
deposition station between two contact points that may be
characterized as a multiple of the web width (e.g., at least
about one times of the web width or, in more specific embodi-
ments, at least about 3 times or even at least about 5 times). A
residence time in the deposition station, which corresponds to
duration of the dry deposition operation, 1s a function of the
vertical distance and the web speed. In certain embodiments,
the apparatus 1s designed to pass the web at a rate slower than
about 1 meter per minute through a chamber that 1s least about
10 meters tall resulting 1n a residence/deposition time of at
least about 10 minutes.

[0007] In certain embodiments, a method includes receiv-
ing a web at an inlet of a deposition apparatus, passing the
web 1n a substantially vertical direction through a deposition
station of the deposition apparatus and depositing material on
both sides of the web via a dry process while the web passes
in a substantially vertical direction through the deposition
station, and removing the web from the deposition apparatus.
In particular embodiments, when the web passes through the
deposition station 1n the vertical direction during deposition
of the material 1t does not physically contact any hardware
components. The recerving the web may include unrolling a
roll of a substrate. The removing the web may include wind-
ing the web onto a take-up roll. The dry process may include
a chemical vapor deposition or a physical vapor deposition
operation.

[0008] In certain embodiments, the deposited material
includes electrode component material or, more specifically,
clectrochemically active material. The electrochemically
active material may include nanoparticles. The nanoparticles
may include silicon, which may be both in amorphous and
crystalline forms. In particular embodiments, the nanopar-
ticles include silicon nanowires. The electrode component
material may include intermediate layer material that, 1n par-
ticular embodiments, functions as a barrier layer and/or a
catalyst layer.

[0009] In certain embodiments, passing the web through
the deposition station in the substantially vertical direction
comprises feeding the web from a top of the deposition station
to a bottom of the deposition station. The passing may imnvolve
feeding the web through the deposition station at a speed of
between about 1 meter per minute and 3 meters per minute.
Web’s residence time 1n the deposition station may be at least
about 5 minutes. In the same or other embodiments, the web’s
residence time 1s no greater than about 40 minutes.

[0010] The method may also include depositing one or
more layers on the web prior to the web received at the inlet
to the deposition apparatus. In the same or other embodi-
ments, the method 1ncludes prior to passing the web through
the deposition station, forming a mask or window on the web
to exclude or promote, respectively, deposition of the material
on the web. The web may be preheated prior to the passing the
web through the deposition station. In the same or other
embodiments, at least a portion of electrochemically active
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clectrode material 1s deposited on the web prior to passing the
web through the deposition station.

[0011] In certain embodiments, the method includes pass-
ing the web 1n the substantially vertical direction through a
second deposition station of the deposition apparatus to
deposit second material on the web. The second material may
include electrochemically active electrode material. In par-
ticular embodiments, the electrochemically active electrode
material deposited in the second deposition station includes
lithium or amorphous silicon. Starting with the deposition of
the material and until completion of the deposition the second
material the web may not physically contact any hardware
components. In particular embodiments, the method includes
passing the web 1n the substantially vertical direction through
a second deposition station of the deposition apparatus to
deposit one or more materials selected from the group con-
sisting of a battery electrolyte material and a polymer binder
on the web. The web may be passed through a cooling station
alter passing the web through the deposition station.

[0012] The web received at the mlet may include copper, a
copper alloy, nickel, a nickel alloy, steel, and combination
thereol. The web recerved at the mlet may have a width of at
least about 500 millimeters. The thickness of the web may be
between about 5 micrometers and S0 micrometers.

[0013] In certain embodiments, a deposition apparatus
includes a deposition station arranged to receirve a web pass-
ing 1n a substantially vertical direction through the deposition
station. The deposition station may include a first port or
source for providing material, or a precursor thereof, to a first
side of the web as 1t passes through the deposition station and
a second port or source for providing said material, or a
precursor thereotf, to a second side of the web as 1t passes
through the deposition station. The deposition station may be
used to deposit the material on both sides of the web via adry
process while the web passes in the substantially vertical
direction. In certain embodiments, the deposition station con-
tains no components that physically contact the web during,
deposition of the material while the web passes 1n the vertical
direction.

[0014] In certain embodiments, the deposition apparatus
includes a web tension control mechanism arranged upstream
from the deposition station. The web tension control mecha-
nism may be configured for controlling web tension and
speed during deposition 1n the deposition stations. The depo-
sition apparatus may also include a mechanism positioned
downstream from the deposition station for supplying a layer
ol interleal material between web layers on a take-up roll.
Specifically, the mechanism for supplying interleal material
may be configured to provide two layers of the interleaf
materials on each side of the web.

[0015] In certain embodiments, the deposition apparatus
includes a heating station configured to heat the web prior 1ts
entering the deposition station. In the same or other embodi-
ments, the deposition station includes an in-situ heating ele-
ment configured to heat the web during deposition.

[0016] The deposition station may be configured to contain
a part of the web during deposition having a length of between
about 2 meters and 20 meters. In the same or other embodi-
ments, the part of the web contained in the deposition station
during deposition has a length corresponding to at least one

width of the web.

[0017] In certain embodiments, the deposition station is
configured to deposit the electrode component material by a
CVD or a PVD process. In the same or other embodiments,
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the deposition apparatus includes a second deposition station
positioned downstream from the deposition station. The
deposition station 1s configured to deposit the material by a
thermal CVD process, while the second deposition station 1s
configured to deposit second material by a PECVD process.
More specifically, the deposition station 1s configured to
deposit crystalline silicon nanowires, while the second depo-
sition station 1s configured to deposit amorphous silicon.
[0018] In certain embodiments, the first port of the deposi-
tion apparatus comprises a gas distribution mechamism. The
gas distribution mechanism may include a showerhead. The
apparatus may include a bufler station arranged to prevent
gases 1n the deposition station from other parts of the appa-
ratus. In certain embodiments, the apparatus includes an
inline metrology station for inspecting a web after it passes
through the deposition station. The imnline metrology station 1s
configured to inspect weight per unit area of the deposited
material. The apparatus may include a cooling station for
cooling the web after 1t passed through the deposition station.
[0019] Thematerial deposited inthe deposition station may
include electrode component material. In particular embodi-
ments, the electrode component material includes electro-
chemically active electrode material.

[0020] These and other features and advantages of the dis-
closed apparatus and method will be presented below in more
detail, with reference to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 illustrates an example of an overall process
flowchart 1n accordance with certain embodiments.

[0022] FIG. 2 illustrates an example of a deposition appa-
ratus 1n accordance with certain embodiments.

[0023] FIG. 3 illustrates an example of a buffer station 1n
accordance with certain embodiments.

[0024] FIG. 4 1llustrates an example of a deposition station
in accordance with certain embodiments.

[0025] FIG. 51llustrates an example of a pressure differen-
tial station i1n accordance with certain embodiments.

[0026] FIG. 6 1llustrates an example of a battery fabrication
system 1n accordance with certain embodiments.

[0027] FIG. 7 illustrates a particular example of a process
for depositing composite silicon active material.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

(L]

[0028] In the following description, numerous specific
details are set forth 1n order to provide a thorough understand-
ing of the present mvention. The present invention may be
practiced without some or all of these specific details. In other
instances, well known process operations have not been
described 1n detail to not unnecessarily obscure the present
invention. While the mvention will be described 1n conjunc-
tion with the specific embodiments, 1t will be understood that
it 1s not intended to limit the 1nvention to the embodiments.

Introduction

[0029] Certain applications, such as fabrication of battery
clectrodes, require depositing materials on both sides of a
substrate. Typically, the substrate 1s supplied on a roll, which
1s unwound and processed to deposit materials and eventually
fabricate battery electrodes. Unwound substrate 1s also
referred to as a “web”. A web 1s typically first passed through
a deposition station where one or more electrode component
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materials are deposited. For example, 1n a conventional pro-
cess, wet slurry prepared by mixing active material, binder,
and optionally conductive additives with solvent (e.g., water,
NMP) 1s coated on both sides (one at a time) of the moving,
web. After coating of the first side, the resulting coat 1s dried
and the process 1s repeated to coat the other side.

[0030] Certain materials can be deposited using various dry
process techniques. A “dry process™ 1s defined 1n this docu-
ment as a process that does not involve liquids coming in
contact with a web during deposition. For example, a CVD
technique with a liquid precursor 1s considered a dry process
if, e.g., the precursor evaporates or 1s atomized prior to con-
tacting the deposition surface. Therefore, dry deposition tech-
niques do not include slurry coating, which 1s conventionally
used to deposit active materials 1n lithium 10n battery fabri-
cation. However, an apparatus used for dry deposition may
also include one or more station for slurry coating and/or
other non dry processes. Examples of dry processes include
Chemical Vapor Deposition (CVD), Physical Vapor Deposi-
tion (PVD), Atomic Layer Deposition (ALD), electrospin-
ning, and aerosol spraying. For example, an electrochemi-
cally active layer containing silicon nanowires with
crystalline cores and amorphous shells may be deposited on a
conductive substrate using a combination of thermal CVD
and Plasma Enhanced CVD (PECVD) and used for battery
fabrication. In certain embodiments, methods and apparatus
described 1n this document may used to deposit materials
using techniques other than dry process techniques. For
example, electrospinning and aerosol spraying techniques
may 1volve a solvent that comes 1n contact with the substrate.

[0031] Dry processes have typically been used to deposit
materials on only one side of the web at a time. Applications
requiring a web with deposits on both sides have been limited.
Two-sided deposits have been made by passing a web twice
through one or more deposition stations. As stated above,
such approach required additional processing (resulting 1n
slower throughput) and additional web handling (increasing
risk of damaging deposited materials and substrate).

[0032] In certain embodiments, a method of fabricating an
clectrode mvolves passing a web 1n a substantially vertical
direction through a deposition station of the deposition appa-
ratus and depositing electrode component material on both
sides of the web via a dry process. In particular embodiments,
the web does not contact any hardware components while
passing through a deposition station. Further, the web may
pass through two or more deposition stations 1n between two
web-contact points. In particular embodiments, the web may
have an intermittent support in between two successive depo-
sition stations. For example, a roller may be used to align the
web 1n between two stations and to prevent wobbling of the
web. Such roller may apply minimal force on the web relative
to other rollers 1n the apparatus and only nominally change
the direction of the web (e.g., less than about 10° or, more
specifically, less than about 5°).

[0033] Sometimes deposition on both side of the web coin-
cide with each other. In other words, the starting and ending
points within a deposition station are the same for both sides
of the web. However, 1n certain embodiments, deposition on
one side may start and/or end earlier than on the other side. In
the same or other embodiments, deposition on one side may
be completed before deposition on the other side starts. For
simplicity, when deposition on both sides 1s performed 1n the
same deposition station, deposition 1s said to be performed *“at
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the same time” or “simultancously” regardless of how the
deposition zone on one side aligns with the deposition on the
other side.

[0034] For the purposes of this application, “electrochemi-
cally active material” (or, simply, “active material”) 1s defined
as an electrode’s component that provides electrochemically
reactive sites (e.g., 10n 1sertion sites). Each electrode 1n an
clectrochemical cell has at least one corresponding active
material. In traditional lithium 1on cells, a cathode active
material 1s generally lithium cobalt oxide powder, lithium
iron phosphate, etc., while an anode active material 1s gener-
ally graphite powder. In certain embodiments of the present
invention, active materials are deposited as or formed into
nanostructures, such as nanowires and include one or more of
the following components: silicon, germanium, tin, tin oxide,
and titanium oxide.

[0035] An *““active layer” 1s an electrode layer that contains
active material and, generally, does not include substrate.
However, in some cases, boundaries between the active layer
and the substrate are not sharp or abrupt. This may be the case,
for example, where the substrate 1s or includes mesh or foam.
In certain embodiments, conductive substrate may abut one or
two active layers of the electrode. For example, active mate-
rial may be deposited as nanowires onto a metallic fo1l form-
ing an active layer in the contact with the metallic {o1l. In other
embodiments, an active layer may intertwine with a substrate,
such as mesh substrate or a substrate that 1s reconfigured after
nanowires deposition. An active layer may also contain other
components that are not active materials, such as conductive
additives and binders, collectively referred to as “additives.”
[0036] In certain embodiments, deposited materials are
“substrate-rooted”, which means that such materials are
physically and conductively attached to a substrate. Addi-
tional examples and description of sub-rooted structures are
provided 1 U.S. patent application Ser. No. 12/437,529
entitled “ELECTRODE INCLUDING NANOSTRUC-
TURES FOR RECHARGEABLE CELLS” filed on May 7,
2009, which 1s incorporated herein in its entirety for purposes
of describing “substrate rooted” structures.

Deposition Process Examples

[0037] FIG. 1 illustrates an example of an overall process
flow diagram in accordance with certain embodiments. The
process 100 can be conceptually divided into operations per-
formed prior to entering a deposition apparatus (block 102),
operations performed in the deposition apparatus prior to dry
deposition (block 104), a dry deposition operation (block
106), operations performed 1n the apparatus after dry depo-
sition (block 108), and operations performed after leaving the
deposition apparatus (block 110). Other than the dry deposi-
tion operations (operation 104), the listed operations are
optional, 1.e., operations 102, 104, 108, and 110. In one
example, all web-processing operations may be performed 1n
the apparatus, e.g., all operations from unwinding a web from
the feeding roll to rewinding 1t with deposited material on the
take-up roll, such that both rolls are included 1n the same
apparatus. In this example, operations 1n groups 102 and 104
are not performed. Further, depending upon implementation
designs, some operations that may normally be performed 1n
one area can be performed, as well, in a different area. For
example, unwinding a web from the feeding roll may be
performed within an apparatus used for dry deposition and as
such be categorized 1n group 104 or alternatively unwinding,
may be performed 1n a separate upstream apparatus of a larger
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system and as such be categorized in group 102. Generally,
web processing concludes with the processed web being
wound to a rewind roll or cut into plates or strips. However, a
more encompassing process lor battery fabrication may
include other downstream operations, such as fabricating
clectrodes, winding electrodes strips into jellyrolls (or assem-
bling into stacks), iserting subassemblies into cases, filling
and sealing, performing formations cycles, and other opera-
tions.

[0038] An order of operations is reflected 1n the relative
positions of different stations (or zones within the same sta-
tion) arranged along the web travel direction. In other words,
an order 1s specified with respect a specific position on a web,
since the web 1s fed through an apparatus or a system.

[0039] Operations prior to dry deposition 106 can be per-
tormed either prior to entering an apparatus (block 102) con-
taining the dry deposition station or within the apparatus
(block 104). Whether an operation falls into one group or
another generally depends on various features of the opera-
tion, such as processing environment (e.g., does the unwind
operation need to be performed under vacuum) and web
speed. For brevity, operations that can be performed upstream
from the dry deposition operation 106 are described together
(whether performed 1n the same apparatus as the deposition
operation or a different apparatus) unless specifically noted.
Further, unless specifically noted, both a discrete apparatus
and a system containing multiple apparatuses are described
together and generally referred to as an apparatus. Examples
ol specific distinctions are described in the context of FIG. 6.

[0040] Web processing generally starts with unwinding a
substrate roll. A web 1s fed through an apparatus from a
teeding roll to a take-up roll (or a mechanism that cuts the web
lengthwise mnto plates or sheets). It should be noted that a web
may be slit (1.e., cut lengthwise) into a set of strips that may be

processed (e.g., wound on a take-up roll or cut into electrodes)
similar to the full-width web.

[0041] In certain embodiments, threading and 1nitial
adjustments of the apparatus may be performed with a sub-
strate that 1s different than used for other operations. For
example, deposition may be performed on an expensive and/
or fragile substrate that may not be suitable for threading and
adjustment operations. Examples of various substrates are
described below.

[0042] Once the web 1s threaded through the apparatus,
various process parameters may be adjusted (e.g., pressure
levels, temperatures, gas concentrations) before the web 1s
ted for processing. From an unwinding roll, a web 1s typically
passed through a tension control mechanism (further
described in the context of FIG. 2 used to control tension and
speed of the web. A web may also be inspected prior to
processing with various in-situ metrology devices configured
to measure its thickness, weight per unit area, surface rough-
ness, color, and other parameters. In certain embodiments,
threading 1s performed through a closed apparatus. An appa-
ratus may be equipped with a threading mechanism that
guides the front edge of the threaded web through the appa-
ratus while 1t 1s closed.

[0043] Incertain embodiments, a web is pre-treated prior to
deposition. Examples of pre-treatment operations include
pre-heating, cleaning, chemically or mechanically modifying,
substrate surface (e.g., to improve adhesion, to enhance or
suppress deposition, to change surface roughness), deposit-
ing temporary or permanent intermediate layers. In particular
embodiments, deposition 1s needed only on certain parts of
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the web surface, while other parts must be kept clear from any
deposited materials or deposited materials must be easily
removable from that areas. For example, a typical battery
clectrode has exposed substrate parts free from some or all
deposited materials, which are used for, ¢.g., connecting to
battery terminals. Intermittent deposition may be accom-
plished by stationary or moving shadow masks and/or inter-
mittent treatment of the web surface prior to the deposition
process to cause the desired areas of the web to more effec-
tively recerve the deposition than others. For example, a cata-
lyst may be coated only 1n certain areas (e.g., that are not
shadowed by a mask 1 a PVD process), so that electrode
material deposition occurs in subsequent processes only
where catalyst 1s deposited. Conversely, a mask or inhibitor
material may be deposited in the negative of the desired
pattern (1.e., excluding any materials from the areas where the
mask 1s deposited), such that later deposition only occurs in
the desired location where the mask 1s not present. In certain
embodiments involving CVD techmiques, a contact mask 1s
used. A contact mask may be moved as a belt (or aloop) while
contacting the web 1n the designated masked areas while the
web 1s passing through the deposition area and lifting oif after
deposition 1s completed. Since certain areas of the web are
covered by the solid portions of the mask while passing
through the deposition zone, no or minimal deposition 1s
performed 1n this area. As such, the contact between the mask
and the substrate only occurs in the non-coated areas and may
help to stabilize the web laterally (e.g., two mask belts posi-
tioned on each side of the web). In certain embodiments,
mask material 1s deposited (e.g., sprayed) onto the surface of
the web and then stripped after the web passes through the
deposition station. In some embodiments (e.g., used for pat-
terned deposition of silicon nanowires), a catalyst 1s depos-
ited or de-activated 1n certain patterns such that minimal or no
deposition 1s performed in the areas without any catalyst or
where the catalyst has been deactivated. Patterned deposition
and/or deactivation of the catalyst may be performed using
one or more techniques described above.

[0044] In certain embodiments, two or more layers are
deposited onto a web as a part of the deposition operation 106
or as a combination of this operation with an earlier deposi-
tion operation. Such layers may contain various types of
materials, such as intermediate layers (e.g., catalyst layers,
barrier layers, adhesion layers, electrochemically active
materials, electrolytes, and separators. For example, a barrier
layer may be deposited to protect the web during a CVD
operation. An adhesion layer may be deposited to enhance
mechanical integrity of the electrode.

[0045] Asindicated, in some embodiments, the web may be
pre-heated prior to the deposition operation 106. For
example, a CVD process may require that the web be at a
temperature of greater than about 300° C. In particular
embodiments, the web 1s pre-heated to at least about 250° C.
or, more specifically, to at least about 350° C. prior to entering
into a deposition station. Heating may be performed 1n an
iert environment to prevent substrate oxidation. Further, a
pre-heating station may be positioned immediately before the
deposition station to minimize heat losses 1n between. It
should be noted that some heating may be performed 1n the
deposition station 1tself. However, 1n order to optimize utili-
zation of space 1n the deposition station, in-situ heating may
be limited to temperature control (e.g., minimal heating, con-
trolling temperature ensuring), while most of the heating 1s




US 2011/0143019 Al

performed 1n a pre-heating station. Additional description of
heater examples and feature 1s provided in the context of FIG.

2

[0046] In certain embodiments, some or all of the active
material 1s deposited onto the web prior to entering the depo-
sition station. For example, active material may be deposited
using wet coating (e.g., doctor-blade deposition of slurry
containing electro-active nanoparticles). In another embodi-
ment, a laser reactive deposition (LRD) technique may be
used for depositing active materials. LRD techniques are also
sometimes referred to as laser pyrolysis. The process may
form columnar, fractal deposited structures. The process can
be implemented by passing a high power laser beam into a
reaction chamber containing a gaseous precursor. In particu-
lar embodiments, optical radiation strips hydrogen (or other
atoms/moieties) off the precursor (e.g., silane) to form a
plume of solid particles (e.g., silicon) which deposit on the
surface below. The plume may be about 16-20 millimeters
wide for some lasers. In one implementation, a slot nozzle 1s
used to deliver the gas to the LRD region. Description of such
techniques 1s provided 1n U.S. Pat. No. 7,573,784, 1ssued on
Aug. 18, 2009, U.S. Pat. No. 7,521,097 1ssued on Apr. 21,
2009, U.S. Pat. No. 7,384,680 1ssued on Jun. 10, 2008, and
U.S. Pat. No. 7,039,264 1ssued on May 2, 2006, and US Patent
Publication 2009/0288601 published on Nov. 26, 2009, all of
which are incorporated herein in their entirety for purposes of
describing LRD techniques. Another example of active mate-
rial deposition 1s ballistic deposition described 1n US Patent
Publication No. 2004/0126659 published on Jul. 1, 2004,
which 1s incorporated herein in its enftirety for purposes of
describing ballistic deposition. A deposition station may be
used to deposit other electrode component materials, such as
binding or conductive additives, separator, and/or electrolyte.

[0047] As indicated, an overall process 100 may include
one or more dry deposition operations 106. In certain embodi-
ments, dry deposition operation imnvolves a CVD process. For
example, CVD may be used to deposit silicon containing
nanoparticles or, more specifically, silicon containing nanow-
ires onto a conductive substrate. Specific examples of silicon
and other high capacity materials are described in U.S. patent
application Ser. No. 12/437,529 entitled “Electrode Including
Nanostructures for Rechargeable Cells” filed on May /7, 2009,
which 1s icorporated by reference herein 1 1ts entirety for
purposes of describing silicon and other high capacity mate-

rials. In particular embodiments, a process gas containing,
silane 1s mtroduced 1nto the deposition station. Silane tlow
rate may be between about 10 sccm and 5,000 sccm for
1 -meter wide substrate moving at a speed of about 1 meter per
minute 1 a 1-20 meter long deposition zone. These param-
cters generally depend on the growth rate. While higher
growth rate may be preferable, quality of the deposited mate-
rials and resulting battery performance may be unacceptable
for such growth rates. In a particular embodiment, a web
speed 1s about 1 meter per minute through a 5 meter deposi-
tion zone resulting 1n a 5 minute residence time. In other
embodiments, residence time 1s between about 1 minute and
60 minutes or, more specifically between about 10 minutes
and 30 minutes, which can be achieved by a taller deposition
station and/or slower web speed. The web may be kept at
between about 400° C. and 600° C. more specifically at about
500° C. Deposition station pressure may be kept at between
about 1 Torr and 600 Torr. Other dry deposition processes that
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may be employed include Atomic Layer Deposition (ALD),
Physical Vapor Deposition (PVD), and E-Beam deposition,
and the like.

[0048] In certain embodiments, process parameters are
kept umiform for the entire web surface positioned within the
deposition station. In other embodiments, the process param-
eters are varied along the traveling direction of the web. For
example, deposition parameters such as substrate tempera-
ture, process gas composition, plasma energy, and the like,
may be adjusted from top to bottom 1n a deposition station. In
a specific embodiment, such variations are employed to
deposit silicon containing nanostructures with crystalline
cores/amorphous shells 1n the deposition station. In certain
embodiments, crystalline silicon nanowires are grown at
about 500° C. 1n a process gas containing between about 1%
to 100% molar concentration of silane by volume at a total
pressure or between about 10 Torr and 600 Torr. The deposi-
tion time may vary from about 1 minute to about 30 minutes.
Amorphous silicon coatings can be deposited at higher tem-
peratures (e.g., at about 550° C.) and/or higher silane concen-
trations. Changing process parameters (increasing tempera-
ture and/or silane concentration) may create sidewall
deposition during the crystalline growth process. In some
embodiments, an amorphous silicon coating 1s added 1n a
separate operation after completing deposition of the crystal-
line silicon structures. Amorphous silicon can be deposited
using either thermal or plasma enhanced CVD. Examples of
conditions for amorphous silicon PECVD include tempera-
ture of between about 200° C. and 400° C., pressure of
between about 1 Torr and 100 Torr, and silane concentrations
ol between about 1% to 50% in either argon, nitrogen, helium,
hydrogen, or various combinations thereof. Deposition of
amorphous silicon may be performed for between about 30
seconds and 30 minutes. In certain embodiments, CVD 1s
performed at pressure levels that are higher than 100 Torr,
more specifically, at about atmospheric pressure or even
slightly above atmospheric pressure. Higher pressure 1n the
deposition chamber may help to improve deposition rates.

[0049] In particular embodiments, a part of the deposition
station may be designated for thermal CVD and another part
tor PECVD (or some other dry deposition process such as a
different thermal CVD process). Alternatively or in addition,
a series of deposition stations may be arranged along the
apparatus 1n the direction of web travel. Some of these sta-
tions may be devoted to one process and others to one or more
different processes. The ratio of these parts (or the areas of the
apparatus devoted to different processes) relative to the
deposited web length may be between about 1:10 and 10:1 or,
more specifically between about 1:1 and 10:1.

[0050] In certain embodiments, multiple dry deposition
operations are performed 1n separate stations, each depositing
additional material on the web. For example, one operation
may be performed to form a core structure (e.g., a nanowire
core). Another operation may follow to form one or more
shells around the core. Core-shell structures used for battery
clectrode are described 1n details in U.S. Patent Application
No. 61/181,637 entitled “Core-Shell High Capacity Nanow-
ires for Battery Electrodes™ filed on May 27, 2009, which 1s
incorporated herein 1n its entirety for purposes of describing
core-shell structures. Further, materials that may be deposited
concurrently or sequentially with an electrochemically active
material include, e.g., lithium, carbon, silicide forming mate-
rials (e.g., cobalt, nickel, etc.), and the like. Additionally,
conductivity enhancing materials such as carbon, lithium,
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and the like may be deposited concurrently or sequentially
with the active material. In still other embodiments, a sepa-
rator material may be dry deposited on the active matenal. For
example, a polymer electrolyte may be deposited by either
physical vapor deposition or from monomers by chemical
vapor deposition.

[0051] In certain embodiments, lithium 1s added to com-
pensate for losses such as SEI layer formation, etc. In some
cases, lithium may be dry deposited by Atomic Layer Depo-
sition (ALD), Physical Vapor Deposition (PVD), Chemical
Vapor Deposition (CVD), and E-Beam techniques, and the
like. In certain embodiments, lithium 1s added to the anode
such that its amount corresponds to between about 3% and
50% of the theoretical capacity of the active material used on
the anode or, more specifically, to between about 5% and 25%
of that capacity. Once lithium 1s deposited, it may remain as
clemental lithium (e.g., physically attached or in a form of an
alloy) or react with other components 1n the electrode to form

a chemical compound. In certain embodiments, lithium reacts
with silicon in the anode active material to form silicides.

[0052] Process conditions may be selected to deposit mate-
rials with a desired weight per unit area. Usually, this 1s
achieved by maintaining sufficiently high deposition rates
and sufficient residence time 1n the deposition station. In
particular embodiments, a silicon containing active material
1s deposited to a loading, defined as a weight per unit area, of
between about 1 mg/cm® and 7 mg/cm? or, more specifically
between about 3 mg/cm” and 5 mg/cm”. In the same or other
embodiments, a portion of the web that 1s within the deposi-
tion station has a length of between about 1 m and 20 m or,
more specifically between about 5 m and 15 m. Further, 1in the
same or other embodiments, a web speed 1s between about 0.1
m/min and 10 m/min or, more specifically, between about 0.5
m/min and 5 m/min. The residence time 1n the deposition
station or, more specifically, in the deposition zone may be
between about 1 min and 100 min or, more specifically,
between about 5 min and 25 min.

[0053] In certain embodiments, dry deposition operation
106 1nvolves a PVD techmique, such as evaporation or sput-
tering. An entire apparatus or one or more stations of the
apparatus are maintained at a pressure level of less than about
100 Torr or, more specifically, less than about 20 Torr. A web
may be fed between two parts of the apparatus maintained at
different pressure levels through a pressure differential sta-
tion further described 1n the context of FIG. 2. For example, a
PVD operation (e.g., depositing an intermediate layer) per-
formed at a low pressure level may be followed 1n the same
apparatus by a CVD operation (e.g., depositing an active
layer) performed at a higher pressure, such that the web 1s fed
through different pressure zones 1n the same apparatus.

[0054] A web passes through a deposition station 1n a sub-
stantially vertical direction either 1n an upward or downward
direction. When an apparatus includes multiple deposition
stations, a web may have the same feeding direction 1n all
station or 1t may have different direction (upward and down-
ward) 1n different stations. Factors for determining web direc-
tion 1n a particular station include fragility of deposited layers
(at various points of contact with hardware elements), yield
strength of the web and any additional strength provided by
deposited layers, weights of substrate and deposited layers 1in
a vertical span between two contact points, a length of the
vertical span, and other factors. Some of these factors are
turther described below. It should be mentioned that deposi-
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tion particularly fragile and/or heavy layers may require
downward feeding through the deposition station.

[0055] In certain embodiments, as discussed above, depo-
sition 1s performed on both sides of the web. In alternative
embodiments, deposition 1s performed only on one side of the
web. For example, end electrodes of a stacked cell require
active layers only on one side of the substrate. Further, a
protective layer may be applied to one side of the web before
winding on take-up roll.

[0056] One-sided deposition may be performed 1n a depo-
sition station arranged for a web to feed through the station
without any physical contact with hardware elements of the
station. In alternative embodiments, a web contacts on one
side a supporting surface inside the station, while the depo-
sition 1s performed on the other side. The supporting surface
may be used to control temperature of the web (any deviations
from setpoints and umiformity, both heating and cooling) and
to support the web. Such support may help to prevent curling
and reduce reliance on a web tension mechanism in order to
maintain a tlat deposition surface (and, thereby, reduce web
tension that allows using thinner substrates) and any oscilla-
tions of the web 1n the vertical span created by foil feeding and
delivering and removing process gases from the deposition
station. The web may still be fed 1n a substantially vertical
direction (as opposed to a traditional horizontal fo1l feeding)
to minimize or eliminate any weight component of the force
exerted by the web on the supporting surface the web to
reduce iriction, shear, or adhesion. Such approach may be
useiul when significant and rapid heat transier and/or more
precise control ol a web position relative to the deposition
station hardware components are needed during deposition.
For example, substantial and, at the same time, more uniform
heating may be required for catalyst layer de-wetting, 1sland-
ing, and nucleation than, for example, can be achieved with
laser ablation. Further, some heating technique, such as RF
induction, may not be used on composite materials.

[0057] Turning now to operations that may be performed
after dry deposition 106. Such operations may be performed
in the same apparatus (block 108) or a different apparatus
(block 110), such as another apparatus positioned down-
stream the feeding direction of the web. For brevity, the
distinction between groups 108 and 110 1s omitted unless
specifically noted.

[0058] In certain embodiments, some or all active material
1s deposited after operation 106. For example, dry deposition
may be used to deposit one or more intermediate layers and
then active matenals are deposited with wet slurry coating or
some other deposition techmique. In the same or other
embodiments, a binder, conductive additives, and lithium
containing materials are deposited into the web after opera-
tion 106. Lithium may be mechanically deposited as lithium
metal nanoparticles, nano-dots, or a nano-powder, lithtum
fo1l and then tegrated into the active maternials (e.g.,
annealed. resputtered). As indicated, in certain embodiments,
lithium 1s added to the anode such that 1ts amount corresponds
to between about 5% and 50% of the theoretical capacity of
the active material used on the anode or, more specifically, to
between about 5% and 25% of that capacity. Additional
examples and description of lithium preloading are presented
in U.S. Patent Application 61/260,294 entitled “PRELOAD-
ING LITHIUM ION CELL COMPONENTS WITH
LITHIUM” filed on Nov. 11, 2009, which 1s incorporated
herein 1n its entirety for purposes of describing lithium pre-
loading.
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[0059] Further, post-dry-deposition operations may 1ntro-
duce separator and/or electrolyte materials onto one or both
side of the web. For example, a polymer electrolyte may be
deposited using CVD with monomer precursors or PVD with
polymer precursors. In particular embodiments, electrolyte
and/or separator materials are deposited onto the web before
the web contacts any hardware components or wound onto
the take-up roll. This may be done to protect fragile active
layers formed earlier 1n the process. In other embodiments,
clectrolyte may be infused into the active layer (e.g., consist-
ing of silicon nanowires and having high porosity).

[0060] In certain embodiments, a web with previously
deposited materials may be annealed, for example, to estab-
lish bonds among deposited particles (e.g., nanowires) and/or
between the particles and the substrate. Annealing may
involve exposing a web to elevated temperatures (e.g., by
passing through a heater), such as at least about 400° C. or,
more specifically, at least about 500° C. In particular embodi-
ments, a web with deposited material 1s passed through com-
pression rollers that exert a constant pressure on the web or
force the web through a constant gap. The rollers may be

heated to at least about 80° C. or, more specifically, at least
about 100° C.

[0061] Prior to winding a web to a take-up roll (or process-
ing 1t 1n other ways, e.g., cutting into plates), the web may be
cooled down. As mentioned above, cooling may be necessary
to strengthen a deposited layer(s) prior to exerting pressure on
this layer or contacting it to certain surfaces. In certain
embodiments, a web 1s cooled down to below about 100° C.
or, more specifically, below about 50° C.

[0062] While a web 1s wound onto a take-up roll, it may be
interleaved with one or more other films (e.g., one on each
side of the main web). Such films may be used to protect the
deposits from damage due to surface shear 1n the winding
process, as well as preventing blocking or sticking of the
material on one deposited surface to another surface. In the
case of battery electrodes, the separator film may be applied
to one or both sides of the deposited web to allow for direct
slitting and assembly from the roll. In particular embodi-
ments, a separator film may be bonded to the web by, for
example, light pressure and/or heat.

[0063] In certain embodiments, a web 1s processed 1n a
roll-to-roll type of a process, 1.¢., the processed web 1s wound
onto a take-up roll. Another web-tensioning mechanism (fur-
ther described in the context of FIG. 2) may be positioned
before the take-up roll. A roll may be used in subsequent
battery fabrication processes, such as depositing additional
layers, electrode slitting, winding/stacking, electrolyte fill-
ing, sealing, cell formation, and battery pack manufacturing.
In some embodiments, the web 1s slit into strips, each repre-
senting a continuous web having a narrower width than the
original web. For example, a width of each strip may corre-
spond to a width of the electrode.

[0064] In other embodiments, a processed web 1s not
wound onto a take-up roll and instead 1s cut into discreet
plates. Such plates may be as wide as the original web or slit
into strips (e.g., with a width and length corresponding to
clectrode dimensions). Plates or strips may be used directly 1in
a winding/stacking operation or another operation in the over-
all battery fabrication process.

[0065] In some embodiments, a processed web 1n a roll or
cut plate format 1s hermetically packed before removing from
the apparatus. This approach allows maintaiming web 1n a dry
and clean state.
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[0066] Some operations described above may be per-
formed 1n such a way that there 1s no contact between the web
and any hardware components while performing these opera-
tions. In certain embodiments, two or more operations are
performed 1n a sequence without contacting hardware com-
ponents.

Apparatus Features

[0067] FIG. 2 illustrates a deposition apparatus 200 1n
accordance with certain embodiments. An apparatus 200 may
include a web feeding roll 202, which 1s sometimes also
referred to as an unwind roll. The web 204 1s unwound from
theroll 202 by applying some force (tension) onto the web. In
certain embodiments, a tension control mechanism 206 may
be used to control tension during unwinding and web feeding
operations. This mechanism 1s further described below. In
order to create some tension as the web 204 unwinds from the
roll 202, the roll 202 may have a friction mechanism (e.g., a
mechanical break) that requires some force 1n order to rotate
the roll 202 and unwind the web 204.

[0068] The substrate may be nitially wound on a core (e.g.,
a metallic core, a paper core, or a plastic core) with an 1nner
diameter (e.g., about 3 inches) corresponding to the feeding
roll 202. In order to secure a substrate roll on the feeding roll
202, the feeding roll may be equipped with an air chuck or
some other mechanism. The tension specified to be exerted on
a web depends on substrate thickness and tensile strength of
the material. While high tension may be desirable for web
alignment with the apparatus, care should be taken to avoid
substrate damage (e.g., stretching or ripping). It should be
noted that, as indicated above, 1n at least a part of the appa-
ratus, the web 1s fed 1n a substantially vertical direction.
[0069] From the feeding roll 202, the web 204 may pass
through a tension control mechanism 206, which may include
a set of rollers for controlling web tension, web alignment (to
prevent web wrinkling, ripping, etc.), and 1its speed. In par-
ticular embodiments, one or more rolls 1n the tension control
mechanism 206 can move to control the above described
parameters. Tension control mechanism typically has an
associated controller for adjusting the roller speeds, etc. as
necessary to maintain a specified web tension.

[0070] In certain embodiments (e.g., high volume pro-
cesses), accumulators are used at the unwind and rewind
stations to allow changing of rolls without stopping web
passing through the apparatus. Accumulators typically
include a series of rolls the web 1s wrapped through, like a
comb. To accumulate web, two groups of parallel rolls are
moved apart to increase the amount of web that runs between
alternating rolls as the rolls are moved apart. Tension and web
speed through the process can be maintained by adjusting the
speed of the unwind or rewind rolls as needed. When a roll
change 1s needed, an unwind roll or a rewind roll 1s stopped
and the accumulator rolls begin to move back together, reduc-
ing the hold-up of the web on the accumulator rolls. A new
roll of web 1s spliced 1 or a new core 1s attached to the web
coming off the re-wind accumulator. This can all be done
without stopping the web through the process 1f there 1s
suificient web length in the accumulator to provide the time at
process web speed to make the splice or core change.

[0071] A web 204 may be then fed through a butifer station
(208) or a buifer zone, which 1s used to prevent cross con-
tamination of the two environments on each side of the station
or zone. For example, web 204 may be unwound 1n an envi-
ronment that1s less clean than a deposition environment (e.g.,
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an unwinding station may be used to clean the web from
particles). Further, deposition station environment may con-
tain gases that are not allowed in other stations. FIG. 3 pre-
sents a schematic representation of a bufler station 300 1n
accordance with certain embodiments. The web 302 1s fed
from one environment 304 (e.g., a thermal CVD station) into
another 306 (e.g., a PECVD or cooling station). In order to
prevent cross-contamination of the two environments a series
of gas inlets and outlets 1s used. Flow directions 1n these inlets
and outlets and other channels of the bufler station 300 are
shown with arrows, in the depicted embodiment. In the 1llus-
trated example, the buffer station 300 has two exhaust ports
308 and 312 and one inlet port 310. As shown, gas flowing
from environment 304 1s combined with diluent (or builfer)
gas flowing from inlet 310 and then the combined gas flows
out of the exhaust port 308. Similarly, the gas flow from the
environment 306 1s combined with a diluent gas flow from the
inlet 310 and the combined gas flows out of the exhaust po
310. Such flow patterns may be established by controlling
pressure levels at different points of the bufier station. By
flowing a buffer gas through an inlet 1n the direction of both
environments any cross-contamination between the two 1s
clifectively mitigated. A simpler, but possibly less effective,
example of a bufler station includes only one exhaust and no
inlets where gases tlown from the two environments are com-
bined and removed from the single exhaust.

[0072] Returning to FI1G. 2, the web 204 may be then fed
through a pre-heating station 210. Examples of heating
mechanisms for use in the station include heating rollers
and/or surfaces, RF induction heaters for conductive sub-
strates, IR and other types of radiant heaters, convective heat-
ers with hot a fluid or gas, and laser beams. In some embodi-
ments, the web 204 1s exposed to a substantially inert
environment 1n the pre-heating station 210 to prevent oxida-
tion and other undesirable reactions. In certain embodiments,
a heating station may be integrated into a same body with
another station (e.g., a tension control mechanism or a depo-
sition station).

[0073] The substrate 204 may then proceed 1nto a deposi-
tion station 212. Examples of deposition processes include
thermal CVD, PECVD, PVD, or any other method to promote
a chemical reaction causing a component of the gas phase to
react and deposit a material onto the web 1n the form of a film,
particulate, or structured morphology (e.g., nanowire). In
CVD station embodiments, the station 212 may have a pro-
cess gas delivery system with a distribution device. Examples
of distribution devices include a series of nozzles (e.g., par-
allel slot nozzles) and a showerhead. At least one distribution
device may be positioned on each side of the web. In certain
embodiments, the deposition station 212 has an integrated
heater similar to ones described above. PVD stations are
described in U.S. Pat. No. 6,974,976 1ssued on Dec. 13, 2003,
which 1s incorporated herein in its enftirety for purposes of
describing PVD apparatuses and techniques.

[0074] In a deposition station 212, the web 1s fed 1n a
substantially vertical direction, which may be performed
without contacting any hardware elements of the station.
Stated another way, no support of the web 1s provided during
deposition in the vertical deposition chamber.

[0075] FIG. 41llustrates an example of a deposition station
401 1n accordance with certain embodiments. A web 402 1s
ted through a deposition station 401 1n a substantially vertical
direction (e.g., top to bottom as shown 1n FIG. 4). The web
may pass between two ports or sources (404a and 4045) for
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providing materal, or a precursor thereof, to each side of the
web. In CVD embodiments, the ports 404a and 404H are
showerheads or other process gas distribution devices. In
PVD embodiments, the ports 404a and 4045 are sputtering
targets.

[0076] Returning to FIG. 2, in certain embodiments, two or
more deposition stations may be positioned sequentially, one
alter another with intermediate bufiering or other types of
station 1n such a way that the web 1s fed through the entire set
of the deposition stations without contacting any hardware
components on the entire web span. FIG. 2 1llustrates an
example of this with a second deposition station 216 posi-
tioned along the vertical feeding direction of the web with the
first deposition station 212 and separated from the first station
212 by another buifering station 214. The second (and any
other subsequent) deposition station may be used to deposit
the same or different materials over the first deposited mate-
rial. It may employ the same (e.g., CVD and CVD) or differ-
ent (e.g., CVD and PVD) deposition technique further
described above. Further, the station may have different con-
figuration (e.g., unsupported web length) and/or operate
under different process parameters than the first station. In
particular embodiments, one station may be used for thermal
CVD (e.g., to deposit crystalline silicon cores) while another
station may be used for PECVD (e.g., to form amorphous
silicon shells on the crystalline cores). In certain examples,
amorphous silicon provides binding/fusing among nanowires
within the active layer and between the nanowires and the
substrate.

[0077] In certain embodiments, two deposition stations of
the same apparatus operate at different pressure levels. This
may require a pressure differential station, an example 500 of
which 1s 1llustrated in FIG. 5. A pressure differential station
may include a narrow tunnel 501 for feeding a web 502
though and a series of exhaust ports 503 to removing gases
from the tunnel 501. The cross-sectional profile of the tunnel
501 may closely match the cross-section profile of the web
502 and be only slight larger to allow the web to be fed
through. Such close match minimizes leaks from a high pres-
sure environment 504 to a low pressure environment 506. All
or most of the leaks from the high pressure environment 504
are removed through the exhaust ports 503. The length of the
tunnel and tflow rates through the exhaust may be configured
in such a way that leaks to the low pressure chamber are
minimized.

[0078] Incertain embodiments, a web may be supported 1n
between multiple stations (e.g., after each stations or a certain
combination of stations). A support roller surface (whether
for a standalone roller or for rollers that are parts of a tension
control mechanism) may be specifically configured for web
surfaces that contact this roller surface. For example, 1t has
been found that nanowires deposited on a web can be come
into contact and even be dragged across polymeric or non-
metal ceramic or glass surfaces at room temperature without
any substantial damage. On the other hand, contacting metal
surfaces 1s believed to cause shearing of some nanowires from
the web. While nanowire layers have some resilience to pres-
sure as may occur during contact with a tension roller or
during winding onto a take-up roll, 1n certain embodiments,
the web 1s cut 1nto plates immediately after deposition.

[0079] A vertical portion of the apparatus may be too large
to be placed on a single floor of a building. In such situations,
a portion of the apparatus may extend into a basement and/or
upper floor of the building. An apparatus may also be
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designed 1n such a way that only a portion contaiming depo-
sition stations extends above (e.g., into a tower) or below
(e.g., 1nto a well) of specifically designed for this building. In
this configuration, both feeding and receiving rolls may be
positioned on substantially the same vertical level.

[0080] A web may be fed through a metrology station
where an entire or a portion of its width 1s inspected. Both
contact and non-contact measuring techniques may be used.
Examples of metrology equipment include optical scanners
(c.g., laser that can be tuned to measure web thickness),
ultrasonic gangues, beta/gamma/X-Ray probes, and other
types of equipment. A metrology station may be positioned at
different points along the web. For example, a metrology
station may be positioned after each deposition station and 1ts
teedback 1s used to tune process parameters 1n the deposition
station (e.g., change temperature, adjust web speed).

[0081] In certain embodiments, an apparatus 100 may
include one or more cooling stations 218. A cooling station
may be used to bring down the temperature of the web before
exposing 1t a diflerent environment or exerting force on the
coating and/or substrate. For example, a silicon nanowire
layer may fragile close to 1ts deposition temperatures, yet be
able to support substantial forces when cooled down to the
room temperature. A cooling may be performed by blowing,
(or otherwise circulating) a cold gas onto the web surfaces.
Another example of cooling 1s by contacting the surface with
a cold object (e.g., a soit surface without exerting any sub-
stantial pressure on the web).

[0082] At some endpoint 1n the process the web 1s wound
onto a take-up roll 224, which 1s also referred sometimes
referred as a rewind roll. Another tension control mechanism
may be position before the take-up roll 224 or integrated 1nto
a take up roll. For example, a take-up roll may be driven by a
drive that 1s configured to control 1ts torque (e.g., by control-
ling power iput or driving the roll through a clutch).

[0083] In certain embodiments, another web may be com-
bined with the web processed 1n the apparatus prior to wind-
ing onto the take-up roll 224, 1.e., an mterleal film. For
example, a protective film may be mtroduced into the rewind
roll to prevent contact between the two deposited layers (one
on each side of the substrate) and damage of the layers.

[0084] In certain embodiments, a controller 226 1s
employed to control process conditions during in the appara-
tus. The controller 226 typically includes one or more
memory devices and one or more processors. The processor
may include a CPU or computer, analog and/or digital input/
output connections, stepper motor controller boards, etc. In
certain embodiments, the controller controls all of the activi-
ties of the deposition station. The controller executes control
soltware including sets of instructions for controlling the
timing of the processing operations, pressure, precursor flow
rates, temperatures, plasma generator, etc. Typically, there
will be a user interface associated with controller 226. The
user interface may include a display screen, graphical soft-
ware displays of the apparatus and/or process conditions, and
user iput devices such as pointing devices, keyboards, touch
screens, microphones, efc.

[0085] The computer program code for controlling the pro-
cessing operations can be written 1n any conventional com-
puter readable programming language: for example, assem-
bly language, JAVA, C, C++, Pascal, FORTRAN, or others.
Compiled object code or script 1s executed by the processor to
perform the tasks identified 1n the program. The controller
parameters relate to process conditions such as, for example,
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timing of the processing steps, flow rates and temperatures of
precursors and inert gases, temperature of the substrate, pres-
sure of the chamber and other parameters of a process. These
parameters are provided to the user 1n the form of a recipe, and
may be entered utilizing the user interface. Monitoring the
process may be provided by analog and/or digital input con-
nections of the controller.

[0086] The software may be designed or configured in
many different ways. For example, various chamber compo-
nent subroutines or control objects may be written to control
operation of the chamber components for carrying out the
inventive deposition processes. Examples of programs or sec-
tions of programs for this purpose include substrate timing of
the processing steps code, tlow rates, and temperatures of
precursors and nert gases code, and a code for pressure of the
chamber.

[0087] Apparatuses and methods described above can be
used 1n a system for fabricating electrochemaical cells. FI1G. 6
illustrates one example of such system 600. A system 600
may include a negative active material deposition apparatus
602 and a positive active material deposition apparatus 604.
One or both of these apparatuses may have one or more
deposition stations arranged to receive a web passing 1n a
substantially vertical direction through the deposition sta-
tions. For example, negative active material containing sili-
con may be deposited onto substrate 1n a CVD station of the
apparatus 602 and may form two active layers of silicon
containing nanoparticles (e.g., silicon nanowires).

[0088] The system 600 may also include apparatuses 606
and 608 for fabricating electrode. For example, webs or strips
with deposited active materials may be fed directly from the
active material deposition apparatuses into the electrode fab-
rication apparatus. Electrode fabrication apparatus may be
used to cut, press, form electrical connection with conductive
substrates, and perform other electrode fabrication opera-
tions.

[0089] Once positive and negative electrodes are fabri-
cated, they may be delivered to a winding or stacking appa-
ratus 610. This apparatus may be used to align negative and
positive electrodes, introduce separator and, 1n some embodi-
ments, electrolyte, form electrical connections, position sub-
assemblies into cases, and perform other jellyroll or stack
tabrication operations. Jellyrolls or stacks are then delivered
to a filling and sealing apparatus 612, which may be used to
introduce liquid electrolyte 1nto cells, 11 one 1s used, and seal
the cells. Cells may then go through formation cycling and
assembled 1nto battery packs on apparatuses that are not

illustrated in FI1G. 6.

Materials
[0090] Substrates
[0091] In certain embodiments, a web 1s a conductive sub-

strate that 1s used as a current collection 1n corresponding
clectrodes. Substrate materials may include copper and/or
copper dendrite coated metal oxides, stainless steel, titanium,
aluminum, nickel (also used as a diffusion barrier), chro-
mium, tungsten, metal nitrides, metal carbides, carbon, car-
bon fiber, graphite, graphene, carbon mesh, conductive poly-
mers, or combinations ol above including multi-layer
structures. It will be understood by one having ordinary skalls
in the art that selection of the materials also depends on
clectrochemical potentials of the materials. The substrate
material may be formed as a foil, films, mesh, laminate, wires,
tubes, particles, multi-layer structure, or any other suitable
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configurations. For example, the substrate may be a stainless
steel fo1l having thickness of between about 1 micrometer and
50 micrometers. In other embodiments, the substrate 1s a
copper fo1l with thickness of between about 5 micrometers
and 30 micrometers.

[0092] Certain parameters and design considerations may
drive selection of maternials, morphologies, structural con-
figurations of the substrate, e¢.g., tensile strength, Young’s
module, shear strength, surface roughness, surface activities,
surface morphology, melting temperature, density, galvanic
potential, passivation properties, cost, contact resistance,
bonding compatibility with other metals, welding compat-
ibility with different methods such as ultrasonic, resistance,
and laser welding.

[0093] In some embodiments, a mesh can be used as a
substrate. Meshes are generally characterized by a wire diam-
cter, opening size, overall thickness, and weave type. For
example, meshes having a wire diameter of between about 50
nm and 500 um and an opening size of between about 50 nm
and 500 um may be used. Various weave types may be used,
in particular ones that are expandable and can easily change
configuration during battery cycling in order to minimize
fluctuation of the overall electrode thickness and, maintain
pressure to the nanostructures during full discharge to ensure
clectrical connectivity between various components of the
clectrode.

[0094] Substrates may have various degrees of roughness.
Rough substrates, e.g. Ra of between about 1 micrometer and
50 micrometer, may be used to randomize the directions of
nanostructure’s orientation and to provide overlapping
between the nanostructures (e.g., nanowires) 1n the active
layer. Additionally, substrate roughness generally provides
more surface area available for attachment or nucleation of
nanostructures leading to a higher volumetric density of
active nano structures.

[0095] Rough surfaces may be achieved during substrate
formation or during subsequent processing. For example, the
surface roughness (Ra) of electroplated copper foil 1s gener-
ally between about 1 micrometer and 10 micrometers. Rolled
copper fo1l has much lower roughness, generally less than 1
micrometer. Smooth surfaces may be roughened using vari-
ous techniques, such as etching, blasting, brushing, and/or
polishing. In certain examples, the substrate may be patterned
or textured with channel-like structures, where the nanostruc-
tures extend from the surfaces of the channels towards each
other. The nanostructures may also form connections
between the two opposite surfaces of the same channel.

[0096] FElectrical conductivity 1s another driver in substrate
selection. Generally, conductive substrates are used 1n order
to reduce the overall cell impedance. However, in some
embodiments, electrically non-conductive materials may be
used for the substrate 102. Such materials may be used for
mechanical support and/or for insulating the active layer 203
of one electrode from another. In this instance, the electrical
current flows through the active layer 203, which should,
itself have high electrical conductivity. To this end, nano-
structures may be interconnected, as further discussed below.
In certain specific embodiments, an electrically non-conduc-
tive substrate may also function as a separator and provide a
flow of lithtum 10ns (1.e., provide 1onic conductivity ) between
corresponding active layers of the anode and cathode.

[0097] In certain embodiments, substrate 1s a metallic foil
with a thickness of at least 5 um or, more specifically, at least
about 10 um. A thickness 1s generally determined by sub-
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strate’s mechanical properties (e.g., tlexibility, tensile stress)
and electrical properties (e.g., conductivity). In particular
embodiments, a copper 101l with a thickness of between about
5 um and 30 um or, more specifically, between about 5 um and
20 um coated with nickel having a thickness of between about
0.5 um and 2 um 1s used. In other embodiments, a stainless
steel fo1l with a thickness of between about 5 um and 50 um
or, more specifically, between about 20 um and 30 um 1s used.
Other examples of fo1l substrates are presented in the table
below.

TABLE
Material Thickness Ranges, micrometers
Nickel 5-50; 10-30
Titanium 5-25:10-20
Aluminum 10-50; 20-30
Copper 5-50; 10-30

[0098] Another factor 1n a substrate selection process 1s
substrates ability to withstand weights of the substrate and
any deposited materials as well as any tension exerted by
tension control mechanisms. Further, deposition 1s usually
performed on the heated web, which may substantially atfect
its strength. For example, yield strength of pure copper drops
almost tenfold when 1t 1s heated from 20° C. to about 500° C.,
which may be a temperature during a CVD process. While a
copper 1o1l can support 1ts own weight of up to 400 m at this
temperature, when a 5 mg/cm” coating is added on both side
of a 10 um copper foi1l 1t can only support of up to 200 m.
Thicker coatings, higher deposition temperatures, and addi-
tional tension form the apparatus may require thicker sub-
strates.

[0099] In certain embodiments, a substrate includes two or
more materials and 1s referred to as a combination substrate.
For examples, a base copper or nickel substrates may be
deposited with alayer of tungsten, chromium, or nickel that1s
between about 1 nm and 100 nm thick. In the same or other
embodiments, another layer containing gold, silver, copper,
or mixture thereof 1s deposited over. This second layer may
have a thickness of between about 1 nm and 100 nm. Such
single or multiple layer configurations may be provided on
one or both sides of the base substrate.

[0100] Incertain embodiments, substrate has an open struc-
ture. Such substrate may take various forms including, for
example, a porous block, foam, or mesh. Additionally, such
substrate may be a perforated sheet or a rough sheet (e.g., a
sheet having a roughness of at least about 0.1 um R ). In
general, the solid portion of open structure substrate contains
a plurality of opemings such as, for example, voids, pores,
cavities, punctures, and/or scratches. In certain embodiments,
the substrate’s ratio of surface area to volume (volume
defined by an outer surface of the substrate that does not
tollow the contours defined by the void spaces) 1s greater than
that of the corresponding solid version of the substrate (one
having the same volume as the open structure). In certain
embodiments, a substrate layer with open structures has a
fractional void volume of at least about 10% or, more specifi-
cally, at least about 20%, at least about 30%, at least about
50%, at least about 60%, or at least about 70%, or at least
about 90%, or at least about 95%. Additional examples and
description of open structure substrates are presented 1n U.S.
Patent Application 61/260,292 entitled “OPEN STRUC-
TURES IN SUBSTRATES FOR ELECTRODES” filed on
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Nov. 11, 2009, which 1s incorporated herein 1n 1ts entirety for
purposes of describing open structure substrates.

[0101]

[0102] In certain embodiments, apparatuses and methods
described above are used to deposit electrochemically active
materials onto a web. Examples of electrochemically active
materials include silicon containing materials (e.g., crystal-
line silicon, amorphous silicon, silicides, silicon oxides, sub-
oxides, oxynitrides), tin-containing matenals (e.g., tin, tin
oxide), germanium, carbon-containing materials, a variety of
metal hydrides (e.g., MgH,), silicides, phosphides, and
nitrides. Other examples include: carbon-silicon combina-
tions (e.g., carbon-coated silicon, silicon-coated carbon, car-
bon doped with silicon, silicon doped with carbon, and alloys
including carbon and silicon), carbon-germanium combina-
tions (e.g., carbon-coated germanium, germanium-coated
carbon, carbon doped with germanium, and germanium
doped with carbon), and carbon-tin combinations (e.g., car-
bon-coated tin, tin-coated carbon, carbon doped with tin, and
tin doped with carbon. Examples of positive electrochemi-
cally active matenals include various lithium metal oxides
(e.g., LiCoO,, LiFePO,, LiMnO,, LiNiO,, LiMn,O,,
[L1CoPO,, LiN1,,;Co,,Mn,,,0O,, LiN1.Co;Al 02, LiFe,
(SO4),), carbon fluoride, metal fluoride, metal oxide, sultur,
and combination thereof. Doped and non-stoichiometric
variations of these materials may be used as well. Examples
of dopant includes elements from the groups III and V of the
periodic table (e.g., boron, aluminum, gallium, indium, thal-
lium, phosphorous, arsenic, antimony, and bismuth) as well
as other materials (e.g., sulfur and selentum). In certain
embodiments, one or more dopants have concentration of
between about 10'* and 10" atoms per centimeter cubed. In
other embodiments, one or more dopants have concentration
of between about 10"” and 10*' atoms per centimeter cubed.
In yet another embodiment, concentration 1s between about
10! and 10°*° atoms per centimeter cubed.

[0103] A nanostructure may include different matenals
(both active and non-active) and distribution of these materi-
als within the nanostructure may vary as well. For example,
cach material may form 1ts own layer within a nanostructure.
One example 1s a nanostructure where one material forms a
“core” and another material forms a “shell” around the core.
The nanostructure may have multiple shells. It should be
understood that any number of concentric shells may be used.
Furthermore, a core may be a hollow (e.g., tube-like) struc-
ture. Typically, at least one of the materials 1n a core-shell 1s
an active material. In one embodiment, a core-shell structure
forms nested layers in a rod or wire, where one layer is
surrounded by another outer layer, e.g., forming a set of
concentric cylinders. In other embodiments, each layer of the
nanostructure 1s a sheet that 1s rolled around 1itself and other
layers to form a spiral. For simplicity, each of these embodi-
ments 1s referred to as a core-shell structure.

[0104] Particular examples of core-shell structures depos-
ited with the above described methods and apparatus include:
crystalline silicon core/amorphous silicon shell, nickel sili-
cide core/amorphous silicon shell, carbon core/silicon shell,
silicon core/carbon shell, and carbon core/silicon inner shell/
carbon outer shell. More detailed description of core-shell
structures 1s provided 1n U.S. Patent Application 61/181,637
entitled “CORE-SHELL HIGH CAPACITY NANOWIRES
FOR BATTERY ELECTRODES” filed on May 27, 2009,
which 1s 1ncorporated herein in its entirety for purposes of
describing core-shell structures.

Electrochemically Active Materials
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[0105] The outer shell may be designed to coat the inner
shell and protect the inner shell from contacting an electrolyte
(and forming a detrimental SEI layer), to allow electro-active
ions to pass to and from the core, to improve electrical con-
tacts among nanostructures in the active layer, to establish
mechanical and/or electrical connection to the conductive
substrate, 11 one 1s used, and/or other purposes. The thickness
of the outer shell may be selected to provide one or more
functions listed above. In certain embodiments, the thickness
of the outer shell 1s between about 1 nanometer and 100
nanometers or, in more specific embodiments between about
2 nanometers and 50 nanometers.

[0106] In certain embodiments, materials deposited 1n pro-
cesses described below are nanostructures, such as nanow-
ires, nanospheres, nanocones, nanorods, nanoarcs,
nanosaddles, nanoflakes, nanoellipsoids, and other shapes.
Cross-sectional shapes are generally dependent on composi-
tions, crystallographic structures (e.g., crystalline, amor-
phous), sizes, deposition process parameters, and many other
factors. Shapes may also change during cycling. Irregularities

ol cross-sectional shapes require a special dimensional char-
acterization. For the purposes of this application, a cross-
section dimension 1s defined as a distance between the two
most separated points on a periphery of a cross-section that 1s
transverse to the principal dimension, such as length. For
example, a cross-section dimension of a cylindrical nano-rod
circle 1s the diameter of the circular cross-section. In certain
embodiments, a cross-section dimension of nanostructures 1s
between about 1 nm and 10,000 nm. In more specific embodi-
ments, a cross-section dimension 1s between about 5 nm and
1000 nm, and more specifically between 10 nm and 200 nm.
Typically, these dimensions represent an average or mean
across the nanostructures employed 1n an electrode.

[0107] In the same or other embodiments, an average
length (or principal dimension) of the nanostructures is
between about 1 micrometer and 100 centimeters or, 1n cer-
tain more specific examples, between about 1 micrometer and
10 millimeters, or even more specifically, between about 1
micrometer and 100 microns. Other ranges may include:
between about 1 micrometer and 10 centimeters, between
about 1 micrometer and 1 centimeter, between about 1
micrometer and 100 millimeters. Further, nanostructures
interconnected 1 a mesh-like structure (e.g., carbon fiber
paper) are generally described 1n terms of an average opening
size, which could be between about 10 nanometers and 10
millimeters or, 1n more specific embodiments, between about
100 nanometers and 1 millimeter. An average length of nano-
structures 1s generally driven by electrical conductivity and
mechanical support considerations. For example, longer
nanowires may form an interconnected network which may
be provided 1n an electrode without a need for a conductive
substrate.

[0108] In certain embodiments, a “nanowire” 1s defined as
a structure that has, on average, an aspect ratio of at least
about four. In certain examples, the average aspect ratio may
be at least about ten, at least about one hundred, or even at
least about one thousand. In some cases, the average nanowire
aspect ratio may be at least about ten thousand, and can even
reach about one hundred thousand. Nanowire active materials
can undergo substantial swelling without disrupting the over-
all structure of the active layer, provide better electrical and
mechanical connections with the layer, and can be easily
realized using the vapor-liquid-solid and vapor-solid tem-
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plate free growth methods or other templated methods.
Nanowires can be terminally rooted to the substrate to form
an active layer as illustrated.

[0109] In certain embodiments, deposited electro-active
materials define an active layer having certain properties,
such as thickness and porosity. Porosity of an active layeris a
measure of void spaces to the overall volume to the layer
betore the first cycle of the cell. For example, porosity of an
anode 1s determined before any insertion of lithium 1ons
occurs. It can be expressed as a percentage of the void volume
to the total volume. In certain embodiments, the porosity of
the active layer 1s at least about 10%, or more specifically at
least about 20%, at least about 30%, at least about 40%, at
least about 50%, or at least about 60%. In even more speciiic
embodiments, the porosity may be at least about 75%, or
more specifically at least about 90%. Greater porosity may
allow more swelling of the nanostructures during cycling.
[0110] Other Materials

[0111] In certain embodiments, apparatuses and methods
described above are used to deposit conductive additives on
the web. Examples of conductive additives include carbon-
aceous material, such as coke, acetylene black, carbon black,
Ketchen black, channel black, furnace black, lamp black and
thermal black or carbon fibers, graphite, metallic flakes or
particles of copper, stainless steel, nickel or other relatively
inert metals, conductive metal oxides, such as titanium oxides
or ruthenium oxides, or electronically-conductive polymers,
such as polyamline, polypyrrolein, polyvinylidine fluoride
(PVDF), and carboxymethyl cellulose (CMC). The amount
of conductive additive may be up to about 20 weight percent
of the active layer, more specifically between about 1 are 10
weight percent.

[0112] In certain embodiments, apparatuses and methods
described above are used to deposit intermediate layers onto
a web prior to depositing electrochemically active matenals.
One or more intermediates layers may be used to protect the
substrate from reactants used to deposit active materials, to
facilitate deposition of active materials (e.g., contain a cata-
lyst), to facilitate catalyst or active material distribution over
the substrate surface (e.g., forming catalyst 1slands/nanow-
ires), to enhance bonding between the substrate and active
materials during deposition and operation of electrochemical
cells, and other purposes. Additional examples and descrip-
tion of mtermediate layers are presented 1n U.S. Application
61/260,297 entitled “INTERMEDIATE LAYERS FOR
ELECTRODE FABRICATION™ filed on Nov. 11, 2009,
which incorporated herein in 1ts entirety for purposes of
describing intermediate layers.

EXAMPLES

[0113] FIG. 7 illustrates an example of a process 700 used
for depositing substrate rooted silicon nanowires 1n appara-
tuses described above. The process 700 may start with pre-
heating a web (block 702) to a predetermined temperature
(e.g., at least about 400° C.). Crystalline silicon nanowires
may be then grown on both sides of the web using thermal
CVD (block 704). For example, silane mixed with hydrogen
and 1nert diluents may be 1injected 1into the deposition station.
The process may continue with PECVD, LACVD, or other
deposition technique to coat the nanowires with amorphous
s1licon (block 706). For example, silane may be cracked in the
gas phase by additional energy input (e.g., plasma) to pro-
mote very rapid deposition of onto the existing nanowire
structures. The web may be then cooled down and feed to
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other stations for additional processing or wound onto a take-
up roll. In particular embodiments, there i1s no contact

between the web and any hardware elements of the apparatus
during operations 704, 706, and 708.

[0114] In another example, a nickel foil or nickel-coated
fo1l 1s reacted with silane to produce nickel silicide nanowires
rooted to the fo1l surface using a thermal CVD technique. This
operation may be followed by PECVD or similar high rate
gas-phase cracking process for rapid deposition of silicon and
deposition onto the pre-formed nickel silicide nanowire
structures.

[0115] In vet another example, silicon particle may be
deposited onto a web suing a slurry coating technique or a
laser reactive deposition followed by thermal CVD or
PECVD to deposit addition silicon containing matenals to
bond 1nitial particles together.

[0116] In certain embodiments, an apparatus includes an
unwind station to feed web from a roll to the inlet end of the
deposition chamber. The inlet end may have a preceding
buffer chamber to control atmosphere contamination or
entrainment from the unwind part of the process. There may
also be a pre-treatment chamber upstream of the CVD cham-
ber to prepare the metal web to receive the coating. The
deposition chamber(s) 1s oriented vertically so that the web
travels through the chamber from top to bottom (or vice versa)
without physical contact of the web with any supports, sur-
faces, rollers or the like as the web passes through the cham-
ber(s). This non-contact approach allows for the deposition
and formation of delicate structures without mechanical dis-
turbance during and shortly after deposition, when the film
morphology 1s vulnerable to damage. Similarly, there may be
a butler chamber and/or a cooling section following the depo-
sition chamber(s) prior to the web entering the rewind station.

CONCLUSION

[0117] In addition to fabricating battery electrodes, the
apparatuses and methods described herein may be used to
fabricate other components, such as solar electrical panels,
optical coatings, electrochromic materials, superconducting
materials, fuel cell electrodes, flexible electronic substrates,
clectronic devices, and many other applications and devices.

[0118] Further, although the foregoing embodiments have
been described 1n some detail for purposes of clarity of under-
standing, 1t will be apparent that certain changes and modifi-
cations may be practiced within the scope of the appended
claims. It should be noted that there are many alternative ways
of implementing the processes, systems, and apparatuses of
the present invention. Accordingly, the present embodiments
are to be considered as 1llustrative and not restrictive, and the

invention 1s not to be limited to the details given herein.

What 1s claimed 1s:
1. A method comprising;:

(a) recerving a web at an 1nlet of a deposition apparatus;

(b) passing the web 1n a substantially vertical direction
through a deposition station of the deposition apparatus
and depositing material on both sides of the web via a
dry process while the web passes 1n a substantially ver-
tical direction through the deposition station; and

(¢) removing the web from the deposition apparatus,
wherein the web has the material deposited on both
sides.
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2. The method of claim 1, wherein during deposition of the
material, while passing the deposition station 1n the vertical
direction, the web does not physically contact any hardware
components.

3. The method of claim 1, wherein the receving the web
comprises unrolling a roll of a substrate.

4. The method of claim 1, wherein the removing the web
comprises winding the web onto a take-up roll.

5. The method of claim 1, wherein the dry process com-
prises a chemical vapor deposition or a physical vapor depo-
s1tion.

6. The method of claim 1, wherein the deposited material
comprises electrode component material.

7. The method of claim 1, wherein the deposited material
comprises electrochemically active material.

8. The method of claim 7, wherein the electrochemically
active material comprises nanoparticles.

9. The method of claim 8, wherein the nanoparticles com-
prise silicon.

10. The method of claim 8, wherein the nanoparticles com-
prise both amorphous and crystalline silicon.

11. The method of claim 8, wherein the nanoparticles com-
prise silicon nanowires.

12. The method of claim 6, wherein the electrode compo-
nent material comprises intermediate layer material.

13. The method of claim 12, wherein the intermediate layer
material functions as one or more layers selected from the
group consisting of a barrier layer, an adhesion layer, and a
catalyst layer.

14. The method of claim 1, wherein the passing the web
through the deposition station 1n the substantially vertical
direction comprises feeding the web from a top of the depo-
sition station to a bottom of the deposition station.

15. The method of claim 1, wherein the passing the web
through the deposition station comprises feeding the web
through the deposition station at a speed of between about 1
meter per minute and 3 meters per minute.

16. The method of claim 1, wherein a web residence time 1n
the deposition station 1s at least about 5 minutes.

17. The method of claim 1, wherein a web residence time 1n
the deposition station 1s no greater than about 40 minutes.

18. The method of claim 1, further comprising depositing
one or more layers on the web prior to the receiving the web
at the 1nlet to the deposition apparatus.

19. The method of claim 1, further comprising, prior to the
passing the web through the deposition station, forming a
mask or window on the web to exclude or promote, respec-
tively, deposition of the material on the web.

20. The method of claim 1, further comprising, prior to the
passing the web through the deposition station, preheating the
web.

21. The method of claim 1, further comprising, prior to
passing the web through the deposition station, depositing at
least a portion of electrochemically active electrode matenal
on the web.

22. The method of claim 1, further comprising passing the
web 1n the substantially vertical direction through a second
deposition station of the deposition apparatus to deposit sec-
ond material on the web.

23. The method of claim 22, wherein the second material
comprises electrochemically active electrode materal.

24. The method of claim 23, wherein the electrochemically
active electrode material deposited 1n the second deposition
station comprises lithium or amorphous silicon.
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25. The method of claim 22, wherein starting with the
deposition of the material 1n the deposition station and until
completion of the deposition the second material 1n the sec-
ond deposition station the web does not physically contact
any hardware components.

26. The method of claim 1, further comprising passing the
web 1n the substantially vertical direction through a second
deposition station of the deposition apparatus to deposit one
or more materials selected from the group consisting of a
battery electrolyte material and a polymer binder on the web.

277. The method of claim 1, further comprising passing the
web through a cooling station after passing the web through
the deposition station.

28. The method of claim 1, wherein the web received at the
inlet comprises one or more materials selected from the group
consisting of copper, a copper alloy, nickel, a nickel alloy, and
steel.

29. The method of claim 1, wherein the web received at the
inlet has a width of at least about 500 millimeters.

30. The method of claim 1, wherein the web received at the
inlet has a thickness of between about 5 micrometers and 50
micrometers.

31. A deposition apparatus comprising:

a deposition station arranged to recerve a web passing in a
substantially vertical direction through the deposition
station,

wherein the deposition station comprises:

e

first port or source for providing material, or a precursor
thereol, to a first side of the web as it passes through the
deposition station, and

a second port or source for providing said matenial, or a

precursor thereot, to a second side of the web as 1t passes
through the deposition station,

to thereby deposit the material on both sides of the web via
a dry process while the web passes 1n the substantially
vertical direction.

32. The deposition apparatus of claim 31, wherein the
deposition station contains no components that physically
contact the web during deposition of the material while the
web passes through the deposition station in the vertical
direction.

33. The deposition apparatus of claim 31, further compris-
ing a web tension control mechanism arranged upstream from
the deposition station, wherein the web tension control
mechanism 1s configured for controlling web tension and
speed during deposition in the deposition stations.

34. The deposition apparatus of claim 1, further compris-
ing a mechanism positioned downstream from the deposition
station for supplying a layer of interleal material between
web layers on a take-up roll.

35. The deposition apparatus of claim 34, wherein the
mechanism for supplying interleal material 1s configured to

provide two layers of the interleal materials on each side of
the web.

36. The deposition apparatus of claim 31, further compris-
ing a heating station configured to heat the web prior to the
receiving the web.

37. The deposition apparatus of claim 31, wherein the
deposition station comprises an in-situ heating element con-
figured to heat the web during deposition 1n the deposition
stations.
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38. The deposition apparatus of claim 31, the deposition
station 1s configured to contain a part of the web during
deposition having a length of between about 2 meters and 20
meters.

39. The deposition apparatus of claim 31, the deposition
station 1s configured to contain a part of the web during
deposition having a length corresponding to at least one width
of the web.

40. The deposition apparatus of claim 31, wherein the
deposition stations 1s configured to deposit the electrode com-
ponent material by a CVD or a PVD process.

41. The deposition apparatus of claim 31 further compris-
ing a second deposition station positioned downstream from
the deposition station and wherein the deposition station 1s
configured to deposit the material by a thermal CVD process
and the second deposition station 1s configured to deposit
second material by a PECVD process.

42. The deposition apparatus of claim 41, wherein the
deposition station 1s configured to deposit crystalline silicon
nanowires and the second deposition station 1s configured to
deposit amorphous silicon.

43. The deposition apparatus of claim 31, wherein the first
port comprises a gas distribution mechanism.
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44. The deposition apparatus of claim 43, wherein the gas
distribution mechanism comprises a showerhead.

45. The deposition apparatus of claim 31, wherein the first
source comprises a sputtering target.

46. The deposition apparatus of claim 31, wherein the
material comprises electrode component material.

4'7. The deposition apparatus of claim 46, wherein the
clectrode component material comprises electrochemically
active electrode material.

48. The deposition apparatus of claim 31 further compris-
ing a bulfer station arranged to prevent gases 1n the deposition
station from escaping 1nto other parts of the apparatus.

49. The deposition apparatus of claim 31 further compris-
ing an inline metrology station for mspecting a web after 1t
passes through the deposition station.

50. The deposition apparatus of claim 49, wherein the
inline metrology station 1s configured to mspect weight per
unit area of the deposited material.

51. The deposition apparatus of claim 31 further compris-
ing a cooling station for cooling the web after 1t passed
through the deposition station.
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