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(57) ABSTRACT 

The present invention relates to an apparatus and method for 
forming a high-temperature superconducting ?lm on a long 
tape substrate at speeds suitable for large-scale production. 
The method includes a spooling system for use in a high 
throughput, continuous pulsed laser deposition (PLD) pro 
cess in Which a superconducting layer, such as yttrium 
barium-copper-oxide (YBCO), is deposited atop a buffered 
metal substrate tape that is translated through one or more 
deposition chambers via the action of a reel-to-reel spooling 
system and a conductive-radiant multi-Zone substrate heater. 
It also optionally includes a multi-target manipulator appa 
ratus and multiple laser beams in Which multiple targets are 
impinged upon simultaneously. 
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HIGH THROUGHPUT CONTINUOUS PULSED 
LASER DEPOSITION PROCESS AND APPARATUS 

FIELD OF THE INVENTION 

[0001] The present invention relates to an apparatus and 
method for forming a high-temperature superconducting 
?lm on a long tape substrate at speeds suitable for large 
scale production, includes a spooling system for use in a 
high-throughput, continuous pulsed laser deposition (PLD) 
process. 

BACKGROUND OF THE INVENTION 

[0002] In the past three decades, electricity has risen from 
25% to 40% of end-use energy consumption in the United 
States. With this rising demand for poWer comes an increas 
ingly critical requirement for highly reliable, high quality 
poWer. As poWer demands continue to groW, older urban 
electric poWer systems in particular are being pushed to the 
limit of performance, requiring neW solutions. 

[0003] Wire forms the basic building block of the World’s 
electric poWer system, including transformers, transmission 
and distribution systems, and motors. The discovery of 
revolutionary high-temperature superconductor (HTS) com 
pounds in 1986 led to the development of a radically neW 
type of Wire for the poWer industry; this discovery is the 
most fundamental advance in Wire technology in more than 
a century. 

[0004] HTS Wire offers best-in-class performance, carry 
ing over one hundred times more current than do conven 
tional copper and aluminum conductors of the same physical 
dimension. The superior poWer density of HTS Wire Will 
enable a neW generation of poWer industry technologies. It 
offers major siZe, Weight, and ef?ciency bene?ts. HTS 
technologies Will drive doWn costs and increase the capacity 
and reliability of electric poWer systems in a variety of Ways. 
For example, HTS Wire is capable of transmitting tWo to ?ve 
times more poWer through existing rights of Way. 

[0005] This neW cable Will offer a poWerful tool to 
improve the performance of poWer grids While reducing 
their environmental footprint. HoWever, to date only short 
lengths of coated conductor Wire samples have been fabri 
cated at high performance levels With any of the conven 
tional fabrication processes. 

[0006] In order for HTS technology to become commer 
cially viable for use in the poWer generation and distribution 
industry, it Will be necessary to develop techniques for 
continuous, high-throughput production of HTS tape. Sev 
eral challenges must be overcome in order to enable the 
cost-effective production of long lengths (i.e., several kilo 
meters) of HTS-coated conductor Wire. 

[0007] Vapor deposition is a process for manufacturing 
HTS tape in Which vapors of superconducting material such 
as YBCO are deposited on a tape-like length of buffered 
metal substrate, thereby forming an HTS coating on the tape 
substrate. Well-known vapor deposition processes include 
physical vapor deposition (PVD), chemical vapor deposition 
(CVD), and pulsed laser deposition (PLD). PLD has shoWn 
great promise for the deposition of superconducting thin 
?lms, due in large part to its operational simplicity, its 
?exibility in vacuum requirements, and the congruent, sto 
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ichiometric transfer of material that results from the gen 
eration of a highly forWard-directed plume from target to 
substrate. 

[0008] In a pulsed laser deposition (PLD) process in Which 
a laser is used to evaporate a material, Where atoms of the 
material subsequently coat a surface that is exposed to the 
evaporated material, thereby forming a ?lm on that surface. 
PLD is a process suitable for manufacturing HTS Wires With 
high current-carrying capacity. In this case, a target com 
prising a stoichiometric chemical composition of the desired 
layer is ablated by a pulsing laser, forming a plume of 
ablated material to Which a buffered substrate is exposed, 
thereby coating the buffered substrate With the desired 
material and forming a coated Wire or tape. Using a PLD 
process it is possible to deposit a superconducting layer atop 
a translating ?exible buffered polycrystalline metal tape in a 
continuous, assembly line manufacturing process. HoWever, 
to date only short lengths of coated conductor Wire samples 
have been fabricated at high performance levels using prior 
art vapor deposition processes and equipment. 

[0009] The manufacture of long lengths of HTS tapes via 
a PLD process necessitates a system that provides for the 
translation of the tapes through a deposition chamber Where 
they receive the desired thin ?lm coating Youm, US. Pat. 
No. 6,147,033, dated Nov. 14, 2000, and entitled “Apparatus 
And Method For Forming A Film On A Tape Substrate,” 
provides a tape transport system particularly Well suited for 
translating a substrate tape through a deposition chamber. 

[0010] As described by Youm, the superconducting ?lm is 
deposited on the tape substrate Wound around a cylindrical 
substrate holder inserted in an auxiliary chamber housed 
completely Within a main deposition chamber. The cylin 
drical substrate holder rotates during the Whole deposition 
process. Vapors of ?lm materials are supplied from the main 
chamber through an opening betWeen the tWo chambers. 
According to Youm, it is possible to form HTS ?lm rapidly 
onto a tape substrate having a length up to 300 meters. While 
this represents a step toWard the large-scale production of 
HTS coated tape, it is limited in its scalability. To achieve 
signi?cantly longer lengths of HTS coated tape the cylin 
drical substrate holder must increase in siZe accordingly, 
making it impractical to be housed Within the main vapor 
deposition chamber. Thus, a draWback of the vapor deposi 
tion process described in Youm is that the system is not 
easily scalable to produce long lengths (e.g, several kilome 
ters) of HTS coated tape and is therefore not suited for the 
large-scale production of HTS coated Wire. 

[0011] Several other challenges must be overcome in order 
to enable the cost-effective production of long lengths (i.e., 
several kilometers) of HTS coated conductor Wire. 

[0012] A ?rst challenge to the continuous deposition of 
HTS tapes utiliZing a reel-to-reel tape transport system that 
is not overcome by Youm is the maintenance optimum tape 
tension throughout the extended deposition runs necessary 
to high-throughput systems. If the correct level of tautness 
is not maintained, the tape sags. This results in a variation in 
the target-to-substrate distance and a compromise of the thin 
?lm uniformity. 

[0013] A second technical challenge to the continuous 
deposition of HTS tapes utiliZing a reel-to-reel tape transport 
system that is not overcome by Youm is the maintenance of 
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the tape at the optimal speed throughout extended deposition 
runs. As the spools rotate and the tape is translated through 
a chamber, the tape must remain at the same position Within 
the deposition Zone, regardless of the radii of tape housed on 
each spool. Lateral, as Well as longitudinal, movement of the 
tape results in an inconsistent and non-uniform deposition 
resulting in variations in ?lm thickness. The importance of 
?lm uniformity cannot be an overemphasiZed: if there is an 
insuf?cient superconducting quality at a single point over 
the entire length of a feW hundred meters of tape, the current 
carrying capacity of the entire length of tape is compro 
mised. Further, any elements that serve to position the tape 
must do so in such a Way as to not induce stress or strain in 

the tape, Which may damage the delicate thin ?lms 

[0014] Another technical challenge not overcome by 
Youm is hoW to Wind the tape onto a spool subsequent to its 
undergoing the deposition process Without damaging the 
delicate thin ?lm housed thereon. The ceramic grains of 
superconducting ?lms may fracture if bent beyond a certain 
strain, Which may result in a decrease in the critical current 
carrying capacity of the ?nished superconductor tape. 

[0015] To achieve the proper bonding of the evaporated 
material to the substrate during a typical PVD, CVD, or PLD 
process it is necessary to heat the substrate. Thus, a substrate 
heater that is capable of sustaining the substrate at a process 
temperature ranging typically from 500 to 1500° C. is 
required. Current PVD, CVD, or PI) processes typically 
employ a stationary substrate mounted on a stationary 
substrate holder, Where the substrate holder incorporates a 
heating element. Since the substrate is in direct contact With 
the heated substrate holder, heating of the substrate takes 
place by conduction. 

[0016] An example of a conventional stationary substrate 
heater is disclosed in Chen et al., U.S. Pat. No. 6,066,836, 
dated May 23, 2000 and entitled “Sigh temperature resistive 
heater for a process chamber”. Chen et al. describes a 
structure for a processing apparatus such as a chemical 
vapor deposition chamber that includes a resistively heated 
substrate holder including a support surface that includes an 
additional resistive heating element. The heated substrate 
holder is disk-shaped to accommodate a substrate, such as a 
Wafer, in a semiconductor application. Chen’s substrate 
heater includes a heating element that provides a single 
heating Zone, that is, one uniform temperature is maintained 
across the entire substrate 

[0017] HoWever, in the case of a continuously translating 
substrate as is necessary for a continuous ?oW manufactur 
ing process, it is dif?cult to maintain a uniform temperature 
pro?le using resistive heaters as disclosed by the prior art. 
Any local loss of contact With the heating element by a 
rapidly moving substrate can cause large temperature varia 
tions and in turn inhomogeneities in the coating ?lm. Con 
sequently, a technical challenge to overcome is hoW to heat 
a rapidly moving substrate in a continuous How high 
throughput manufacturing process for producing long 
lengths of HTS-coated Wire. 

[0018] In the case of a translating substrate in a continuous 
?oW manufacturing process, multiple temperature Zones 
having different temperature requirements, such as a pre 
heating Zone, a deposition Zone, and a cooling Zone, are 
desirable. Current substrate heaters do not provide multiple 
heating Zones With differing temperature ranges as required 
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for continuous ?oW manufacturing of HTS-coated Wire and 
thus are not suited for use in the large-scale production of 
HTS-coated Wire. 

[0019] In the PLD process, a ?lm is deposited on a 
substrate by the action of a laser beam impinging on a target 
material that is located in close proximity to the substrate, 
thereby creating a plume of ablated material (plasma) to 
Which the substrate is exposed. Conventional PLD systems 
utiliZe a single laser beam that impinges on a target mounted 
on a target manipulator. The target manipulator provides an 
appropriate target rotation and oscillation. In a particular 
Well-knoWn example, multi-target manipulators may hold 
multiple targets for sequential use in a PLD process. In this 
case, as the material of any given target is consumed during 
the PLD process, the multi-target manipulator indexes from 
one target to the next. HoWever, in the large-scale continu 
ous production of HTS-coated Wire, a multi-laser beam PLD 
process, in Which multiple laser beams impinge on multiple 
targets simultaneously, may be used, thereby simultaneously 
creating multiple overlapping plumes to Which a translating 
substrate is exposed. In this Way, the deposition region is 
expanded in length, thereby improving the overall through 
put of the PLD process compared With a single laser/single 
target PLD process. Conventional target manipulators are 
therefore of limited use in a multi-laser beam PLD applica 
tion. 

[0020] An example of a conventional target manipulator is 
described in Kim et al., US. Pat. No. 5,942,040, entitled 
“Multi-Target Manipulator For Pulsed Laser Deposition 
Apparatus.” Kim et al. discloses a multi-target manipulator 
for a pulsed laser deposition apparatus, including a driving 
mechanism that includes a stepping motor and a motion feed 
for providing rotation to the target disk driving shaft and the 
target driving motor shaft. The driving mechanism further 
includes a driving transmission and head-supporting mem 
ber that transmits a rotational motion for rotating the target 
disk and the target so as to locate a target material on the 
focal point of the laser beam. 

[0021] Although Kim et al provides a multi-target manipu 
lator, the multiple targets are arranged on a circular disk With 
the intent of being indexed from one to another for con 
sumption one at a time. Although it is conceivable that 
multiple lasers could be focused on all targets simulta 
neously, it is not practical for a continuous ?oW application 
in Which a substrate tape is translating in a straight line, 
thereby requiring the targets to be arranged in a straight line. 
A further limitation is that Kim et al.’s the multi-target 
manipulator provides rotation to only one target at a time. 
This type of multi-target manipulator is therefore not suited 
for use in the large-scale production of HTS-coated Wire 
utiliZing a continuously translating substrate through a depo 
sition chamber. 

[0022] It is conceivable that several target manipulators, 
such as Kim et al.’s multi-target manipulator, could be used 
in combination With multiple laser beams arranged sequen 
tially in a straight line along the path of the translating 
substrate tape. HoWever, using such an arrangement of 
several conventional target manipulators in a multi-laser 
beam PLD system is very costly and therefore not practical. 
Also, conventional target manipulators occupy lot of space 
and as a result, there Will be large gaps betWeen targets. This 
Will result in large gaps betWeen plumes from the targets 
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When used With multiple lasers. Consequently, this arrange 
ment of several conventional target manipulators is not 
economically or practically suited for use in the large-scale 
production of HTS-coated Wire. 

[0023] It is therefore an object of the invention to provide 
a tape transport system Well suited to the continuous high 
throughput manufacture of HTS tapes. 

[0024] It is another object of the invention to provide a 
tape transport system that maintains optimum tape tension 
throughout extended deposition runs. 

[0025] It is yet another object of the invention to provide 
a tape transport system that maintains tapes at an optimal 
target-to-substrate distance throughout extended deposition 
runs. 

[0026] It is yet another object of the invention to provide 
a tape transport system that prevents damage to the neWly 
deposited superconducting ?lms as the tape Winds onto a 
take-up spool. 
[0027] It is an object of the invention to provide a substrate 
heater for use With a non-stationary substrate in a continuous 
?oW vapor deposition process. 

[0028] It is another object of the invention to provide a 
substrate heater With multiple independent heating Zones for 
use With a non-stationary substrate in a continuous ?oW 
vapor deposition process. 

[0029] It is yet another object of the invention to provide 
a substrate heater that achieves the desired heating of a 
translating substrate by a combination of conductive and 
radiative heating during a continuous ?oW vapor deposition 
process. 

[0030] It is an object of the invention to provide a multi 
target manipulator that provides multiple targets arranged in 
line for simultaneous use in a multi-laser beam PLD process 
for the large-scale production of HTS-coated Wire. 

[0031] It is yet another object of the invention to cost 
effectively provide a multi-target manipulator for use in a 
multi-laser beam PLD process for the large-scale production 
of HTS-coated Wire. 

[0032] It is an object of the present invention to provide a 
PLD apparatus and method for forming highly uniform HTS 
?lm on a tape substrate. 

BRIEF SUMMARY OF THE PRESENT 
INVENTION 

[0033] The present invention is a PLD system and method 
for use in the large-scale, high-throughput production of 
HTS coated Wire. In particular, the present invention 
includes a high-throughput PLD manufacturing system that 
provides continuous production of HTS coated tape via the 
deposition of, for example, yttrium-barium-copper-oxide 
(YBa2Cu3O7 or “YBCO”) ?lm onto a buffered metal sub 
strate. 

[0034] In its simplest form, the PLD system of the present 
invention includes a main deposition chamber disposed 
betWeen a ?rst and second vacuum chamber. The PLD 
system further includes a controlled reel-to-reel spooling 
system capable of translating buffered metal substrate tape 
through the multiple chambers. The spooling system 
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includes a payout spool disposed Within the ?rst vacuum 
chamber for feeding the substrate tape into the deposition 
chamber and a take-up spool disposed Within the second 
vacuum chamber for receiving the HTS-coated Wire. The 
siZe of the deposition chamber is unaffected by the siZe of 
the spools Which is variable depending on the length of the 
substrate tape Wound thereon. 

[0035] The main deposition chamber further includes ele 
ments that alloW the formation of a deposition Zone that is 
longer than those in conventional deposition systems With 
out sacri?cing the uniformity of deposition of the coating 
material on the substrate. Such elements include multiple 
laser beams, Which impinge simultaneously upon multiple 
targets mounted on a multi-target manipulator, thereby 
simultaneously forming multiple plumes of HTS particles, 
to Which the substrate is exposed in a deposition Zone. 

[0036] The presence of multiple overlapping plumes 
arranged sequentially effectively lengthens the deposition 
Zone Wherein the substrate is exposed to the evaporant 
material. The thickness of the HTS ?lm deposited onto the 
substrate tape is controlled by the rotational speed of a 
payout and take-up spool Within the spooling system, 
thereby controlling the time that the substrate is present in 
the deposition Zone. 

[0037] The reel-to-reel tape transport system includes a 
pair of spools driven by a pair of identical motors that force 
the rotation and thereby the translation of a substrate tape at 
a rate of betWeen 10 and 500 meters per hour through one 
or more adjacent deposition chambers in Which a layer of 
superconducting material, such as YBCO, is deposited. The 
motors are managed by a controller such that, as one motor 
drives the spools, the other imparts an amount of resistance 
suf?cient to provide an optimal tension in the tape. Apair of 
idlers maintains the tape at an optimal position as it trans 
lates through a deposition Zone. The idlers come into contact 
With the non-coated side of the tape as the tape Winds off a 
payout spool and onto a take-up spool; the idlers shift in 
their positioning so as to accommodate the changing radii of 
tape housed on each spool. 

[0038] Subsequent to undergoing the deposition of a 
superconducting layer, the tape is made to Wind onto a 
take-up spool such that the HTS-coated side Winds in an 
orientation toWard the center of the spool rather than toWard 
the outer perimeter of the spool, as the superconducting ?lm 
is less likely to be damaged When under compressive strain 
rather than When under tensile strain. As an additional 
protective measure, a length of polymer interleaf may be 
Wound into the take-up spool betWeen tape layers as the tape 
Winds onto the take-up spool, thereby protecting the super 
conducting layer form being scratched by the non-coated 
side of the substrate tape. 

[0039] The system also includes a scalable multi-Zone 
substrate heater for heating by a combination of conduction 
and radiation a continuously translating substrate in a high 
throughput continuous production vapor deposition process. 
The multi-Zone substrate heater of the present invention is 
suitable for use inside a vapor deposition chamber for 
depositing, for example, a HTS ?lm on a buffered metal 
substrate tape translating through the deposition chamber. 

[0040] In order to optimally reach the desired temperature 
pro?le across the entire length of a deposition Zone Within 
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the deposition chamber, the multi-Zone heater embodiment 
of the present invention includes an arrangement of heating 
elements that provides multiple temperature Zones. Such 
temperature Zones include, for example, a preheating Zone 
providing a maXimum temperature of 860° C., a deposition 
heating Zone providing a maXimum temperature of 900° C., 
and a cooling Zone providing a maXimum temperature of 
860° C., Where the preheating Zone is oriented toWard the 
entry point of the vapor deposition Zone and the cooling 
Zone is oriented toWard the eXit point of the vapor deposition 
Zone. 

[0041] In another embodiment of the invention, a plurality 
of deposition heating Zones are arranged sequentially 
betWeen the preheating Zone and the cooling Zone in a 
scalable fashion to accommodate process deposition Zones 
of varying length depending on the siZe of the deposition 
chamber and/or the desired throughput. 

[0042] For use in a pulsed laser deposition (PLD) process, 
the multi-Zone heater of the present invention includes 
passages that enable one or more laser beams to pass 
unimpeded to one or more targets, Which otherWise Would 
be obstructed by the siZe of such a substrate heater that is 
necessary to accommodate the increased deposition Zone 
length necessary to a high throughput PLD system. The 
multi-Zone heater also alloWs for accurate monitoring of the 
substrate temperature via thermocouples and an optical 
pathWay disposed through its structure that enables a pyrom 
eter to make temperature measurements to the non-coated 
side of the translating tape. 

[0043] The system also optionally includes a multi-target 
manipulator apparatus. The multi-target manipulator appa 
ratus includes a plurality of target manipulators mechani 
cally coupled to one another in a line via a bar or platen. 
Each target manipulator Within the multi-target manipulator 
apparatus includes a target holder driven by an independent 
drive motor that provides rotational motion to the target 
holder via a shaft Furthermore, the bar or platen connecting 
the plurality of target manipulators one to another is 
mechanically coupled to a common variable-speed actuator 
that provides the oscillatory motion in combination With the 
rotational motion provided by the respective motors. 

[0044] In operation, the multi-target manipulator appara 
tus, having multiple target holders upon Which are placed 
multiple targets, respectively, alloWs multiple laser beams to 
impinge simultaneously upon the targets. As a result, mul 
tiple plumes of ablated material, to Which a substrate is 
eXposed for a predetermined time, are formed, thereby 
forming a ?lm on the substrate. Furthermore, due to the 
appropriate spacing betWeen the multiple target manipula 
tors arranged in a line, the resulting plumes slightly overlap 
one to another and therefore ensure uniformity of ?lm 
deposition over an expanded deposition Zone length. 

[0045] The multi-target manipulator apparatus of the 
present invention is especially suitable for use in a multi 
laser beam PLD process for the large-scale production of 
HTS-coated Wire. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0046] FIG. 1A illustrates a front vieW of the pulsed laser 
deposition system of the present invention, in its simplest 
form, for forming HTS coated tape. 
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[0047] FIG. 1B illustrates a front vieW of a typical depo 
sition system housing a spooling system in accordance With 
the invention. 

[0048] FIG. 2A illustrates a cross-sectional vieW of the 
pulsed laser deposition system of the present invention in 
operation, taken along line AA of FIG. 1. 

[0049] FIG. 2B illustrates a top vieW of a broad repre 
sentation of a multi-laser beam PLD system to Which the 
multi-target manipulator apparatus of the present invention 
is suited. 

[0050] FIG. 2C illustrates a side vieW of the multi-laser 
beam PLD system. 

[0051] FIGS. 2D, 2E, and 2F illustrate the target impinge 
ment geometries that are the result of various actions of a 
conventional target manipulator. 

[0052] FIG. 3 illustrates a side vieW of a multi-Zone 
substrate heater in its simplest form for use in a vapor 
deposition process for forming HTS-coated Wire. 

[0053] FIG. 4 illustrates an end vieW of the multi-Zone 
substrate heater of FIG. 3. 

[0054] FIGS. 5A and 5B illustrate a top and side vieW, 
respectively, of a ?rst embodiment of the multi-target 
manipulator apparatus of the present invention. 

[0055] FIGS. 6A and 6B illustrate a top and side vieW, 
respectively, of a second embodiment of the multi-target 
manipulator apparatus of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0056] FIGS. 1A and 1B are front vieWs of a PLD system 
100 of the present invention in its simplest form. The PLD 
system 100 includes a main deposition chamber 102 
arranged betWeen a ?rst vacuum chamber 104 and a second 
vacuum chamber 106, Where a chamber Wall 116 having an 
opening 117 provides separation and isolation betWeen the 
deposition chamber 102 and the vacuum chamber 104, and 
Where a chamber Wall 118 having an opening 119 provides 
separation and isolation betWeen the vacuum chamber 106 
and the deposition chamber 102. Furthermore, enclosing the 
deposition chamber 102, the vacuum chamber 104, and the 
vacuum chamber 106 collectively is a chamber enclosure 
120. The openings 117 and 119 provide a passageWay 
through Which a translating substrate may travel from one 
chamber to the neXt. 

[0057] The deposition chamber 102 is a chamber designed 
speci?cally for pulsed laser deposition applications, such as 
a 12-or 18-inch vacuum chamber commercially available by 
Neocera, although those skilled in the art Will appreciate that 
a number of alternative vendors manufacture vacuum cham 
bers in a variety of shapes and siZes that may be imple 
mented as the deposition chamber 102 of the present inven 
tion. The surrounding vacuum chambers 104 and 106 may 
be of a variety of dimensions and serve in the present 
invention to house elements of the spooling system. 

[0058] Housed Within the deposition chamber 102 are one 
or more target manipulators, for eXample, a target manipu 
lator 122 that includes a motor 123 and a target holder 124 
mechanically connected via a shaft 125. The target holder 
124 is a mount onto Which a target 136 composed of HTS 
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material, such as YBCO or cerium oxide (CeOZ), depending 
upon the application, is placed. The target 136 is available 
commercially from suppliers such as Target Materials, 
Praxair, and Superconductive Components. In its simplest 
form, the target manipulator 122 may be one of many 
off-the-shelf models available to the industry that enables 
translation and rotation (rastering) of the target 136 and/or 
target indexing (target selection in multiple target holders) in 
such a Way as to ensure a uniform Wearing aWay of the target 
136 during the PLD process and to prevent surface irregu 
larities or undesirable microstructures from developing on 
the target 136 due to repeated ablation events in localiZed 
regions. 

[0059] Alternatively, to provide maximum throughput, the 
target manipulator 122 is a multi-target manipulator appa 
ratus suitable to handle multiple instantiations of the target 
136 for use in a multi-laser PLD process. In this case, the 
multi-target manipulator is useful in a multiple or split laser 
beam PLD system having a single or multi-Zone substrate 
heater. This multi-target manipulator suitably provides the 
required rotating and variable-speed side-to-side oscillating 
motion to multiple instantiations of the target 136 simulta 
neously each having a laser beam impinging upon their 
surface concurrently, thereby maximiZing the deposition 
Zone and thus optimiZing the throughput in the continuous 
production PLD process. 

[0060] Multiple instantiations of the target holder 124 of 
the target manipulator 122 are oriented When installed 
toWard a substrate heater 200 that is also housed Within the 
deposition chamber 102. The substrate heater 200 is a 
heating device used to heat and maintain the temperature of 
the substrate to Within a range of approximately 750 to 900° 
C. In its simplest form, the substrate heater 200 may be a 
conductive or radiant heater that is available commercially 
from vendors such as Thermionics, Thermocoax, Neocera, 
and PVD Products. HoWever, for the purpose of continuous, 
long tape deposition, a heater With combined conductive and 
radiative heat transfer is preferred in order to achieve 
optimum substrate temperature as the substrate moves 
through the deposition Zone. Alternatively, to provide maxi 
mum throughput, the substrate heater 200 is a multi-Zone 
heater. Such a multi-Zone heater includes multiple indepen 
dently controlled and monitored temperature Zones (e.g., a 
preheating Zone providing a maximum temperature of 860° 
C., one or more deposition heating Zones each providing a 
maximum temperature of 900° C., and a cooling Zone 
providing a maximum temperature of 860° C.) arranged 
sequentially along the axis of the tape translation in order to 
optimally reach the desired temperatures across the entire 
length of an expanded deposition Zone made possible by the 
use of a target manipulator 122 suitable to handle multiple 
instantiations of the target 136 in combination With a mul 
tiple or split laser beam PLD system. 

[0061] Furthermore, in a preferred embodiment, the sub 
strate heater 200 is a scalable multi-Zone heater design that 
includes multiple “deposition heating Zones” arranged 
sequentially along the axis of the tape translation to accom 
modate process deposition Zones of varying length Within 
deposition chamber 102. 

[0062] The design of the multi-Zone heater alloWs multiple 
laser beams to pass unobstructed to multiple instantiations of 
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the target 136 and alloWs for accurate monitoring of the 
substrate temperature via thermocouples throughout the 
continuous PLD process. 

[0063] As shoWn in more detail in FIG. 1B, housed Within 
the deposition system 100 is the spooling system 120 in 
accordance With the invention. The spooling system 120 
includes a payout spool 128, upon Which a substrate tape 
140 is Wound, having an associated drive motor 124 With an 
associated controller 126, all housed in the chamber 104 
along With an idler 130. The spooling system 120 further 
includes a take-up spool 132, onto Which the substrate tape 
140 in the form of HTS-coated tape is Wound, having an 
associated drive motor 133 With an associated controller 
135, all housed in the chamber 106 along With an idler 134. 
The substrate tape 140 laces through the deposition system 
100 from the payout spool 128 and then rides on the idler 
130 through a opening 117 in the chamber Wall 116, and thus 
passes into the main deposition chamber 102. Once inside 
the deposition chamber 102, the substrate tape 140 subse 
quently passes through a deposition Zone and then exits the 
deposition chamber 102 via an opening 119 in the chamber 
Wall 118, and passes into the chamber 106. The non-coated 
side of the substrate tape 140 subsequently rides on the idler 
134 prior to being Wound onto the take-up spool 132. The 
idlers 130 and 134 ensure stable positioning of the substrate 
tape and also ensure that the proper amount of tension is 
maintained on the substrate tape, thereby preventing the 
development of slack. The dimensions of the deposition 
Zone are de?ned by a target 136, a plume 146, and a 
substrate heater (not shoWn). The plume 146 is a plasma 
cloud resulting from the material of the target 136 melting 
and subsequently evaporating explosively When impinged 
upon by a laser beam as is Well knoWn in a PLD process. 

[0064] FIGS. 1A and 1B shoW the spooling system lacing 
through a single deposition chamber 102 as one example. 
HoWever, the spooling system may span a plurality of 
adjacent chambers. 

[0065] The payout spool 128 is a reel onto Which an 
extended length of the substrate tape 140 is Wound. Atypical 
diameter of the payout spool 128 is eight inches. The payout 
spool 128 may contain a protective interleaf material Wound 
betWeen the layers of the substrate tape 142 contained 
thereon for protective purposes. The take-up spool 130 is a 
reel onto Which the substrate tape Winds after it is exposed 
to a pulsed laser deposition process in the deposition cham 
ber 102. Atypical diameter of the take-up spool 132 is eight 
inches. If disposed near the deposition Zone, the take-up 
spool 132 and/or the payout spool 128 may be cooled. 

[0066] The motors 124 and 133 are connected to the 
payout spool 122 and the take-up spool 130, respectively. 
The motors 124 and 133 are identical and serve one of tWo 
functions: one motor serves to drive a spool and translate the 

substrate tape 140 through deposition chamber(s) 102, While 
the other motor serves to provide a preset amount of tension 
in the substrate tape. In FIG. 1b, the motor 133 is driving the 
take-up spool 132 and thus translating the substrate tape 140 
through the deposition chamber 102, While the motor 124 is 
providing a small amount of resistance to the rotation of the 
payout spool 128, thereby producing a desired amount of 
tension in translating the substrate tape 140. Certain appli 
cations may require the substrate tape 140 to reverse through 
the deposition chamber 102, e.g., in the case of in situ post 
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deposition annealing, in Which case the roles of the motor 
124 and the motor 133 are reversed. It is for this reason that 
the motors 124 and 132 are identical and capable of serving 
dual functions. 

[0067] The controllers 126 and 135 control the action of 
the motors 124 and 132, respectively. The controllers 126 
and 135 are responsible for maintaining the translation of the 
substrate tape 140 through the deposition chamber(s) 102 at 
the optimumn speed and proper tension, as Well as ensuring 
a compact Winding of the substrate tape 140 onto the take-up 
spool 130. The controllers 126 and 135 may provide real 
time information about the tension of the tape 140 to an 
externally located control source or, alternately, tension may 
be actively monitored With the use of a tension-sensing 
device such as a load cell (not shoWn). Such a load cell 
mechanism may come into contact With the tape 140 and 
communicate actively With the controllers 126 and 135 in a 
feedback loop. The controllers 126 and 135 may then 
compare the communicated tension With a preset tension 
value stored Within their memories and subsequently adjust 
the tension of the tape 140 via control of the motor 124 
and/or 133. 

[0068] The idlers 130 and 134 are rotating elements that 
are in contact With the non-coated side of the substrate tape 
140. Atypical diameter of the idlers 130 and 134 is betWeen 
three and ?ve inches. The idlers 128 and 136 maintain the 
translating substrate tape 140 at a consistent orientation 
Within the deposition Zone. The idlers 128 and 136 prevent 
movement of the substrate tape 142 in any direction eXcept 
for that of its translation, ensuring the substrate tape 140 is 
eXposed to an optimum portion of the plume 142. Aprecise 
distance from the plume 142 (typically tWo inches) must be 
maintained to ensure a uniform and consistent deposition of 
material onto the substrate tape 140. Additionally, it is likely 
that there may be additional pairs of idlers included in 
applications in Which the spooling system 120 translates the 
substrate tape 142 through more than one adjacent deposi 
tion chambers. The idlers 128 and 136 additionally alloW for 
adjustment in the positioning of the substrate tape 140, as is 
desirable When it is determined that the substrate-to-target 
144 distance must change. 

[0069] In operation, the payout spool 122 containing the 
substrate tape 140, Which has been eXposed to a buffer 
deposition process such as IBAD, is received from the buffer 
layer deposition processing area and is mounted in the 
payout spool 122 location of the spooling system 120. The 
take-up spool 130 is similarly mounted, and a leader section 
of tape attached to the take-up spool 130 is laced under the 
idler 136, through the slit 119, in some cases through a 
multi-Zone substrate heater, through the slit 138, and under 
the idler 128, and is spot-Welded or spliced to the substrate 
tape 140. The heater is turned on, the motor 132 and the 
motor 124 are engaged, the substrate tape 140 translates 
through the deposition chamber 102 at a constant rate of 
betWeen 10 and 500 meters per hour, and a PLD process 
occurs that deposits a superconducting layer atop the sub 
strate tape 140. 

[0070] During translation of the substrate tape 142 (from 
left to right, as seen in FIG. 1b), the motor 132 drives the 
take-up spool 130 and causes the substrate tape 140 to 
translate through the deposition chamber 102. The motor 
124 provides a small amount of resistance to the rotation of 
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the payout spool 122 and thereby produces the desired 
amount of tension in the translating the substrate tape 142. 
The controller 126 and the controller 135 regulate the 
actions of the motor 124 and the motor 132, respectively, 
ensuring that the motors 124 and 133 translate the substrate 
tape 142 through the deposition chamber 102 at a constant 
speed and optimum tension. The tension may be monitored 
actively by the controllers 126 and 135 or by a tension 
sensing device such as a load cell that is in communication 
With the controllers 126 and 135. The motor 124 and the 
motor 133 are identical and are capable of translating the 
substrate tape 140 through the deposition chamber 102 in 
reverse, as certain applications such as post-deposition in 
situ annealing demand such features. Additionally, the motor 
124 and the motor 133 may include tension-controlling 
devices such as clutches that control the torque imparted to 
the take-up spool 132 and the payout spool 128. Such 
clutches are elements Well knoWn to the art. The idlers 128 
and 136 maintain the translating substrate tape 142 at a 
constant height through the deposition chamber 102, ensur 
ing an optimum substrate deposition temperature as the 
substrate tape 140 translates through or near a substrate 
heating element, as Well as ensuring a uniform and consis 
tent deposition of material onto the substrate tape 140 by 
maintaining the optimum substrate-to-target 136 distance 
(typically tWo inches). Additionally, the idlers 130 and 134 
help to prevent any lateral motion or the formation of tWists 
in translating substrate tape 140. 

[0071] The substrate tape 140 Winds onto the take-up 
spool 132 such that the HTS-coated side of the substrate tape 
140 is oriented toWard the center of the take-up spool 132. 
The ceramic ?lm deposited on the substrate tape 140 is less 
likely to be damaged When under compressive stress than 
When under tensile stress, as the ceramic grains atop the 
substrate tape 140 may fracture When bent beyond a certain 
strain, resulting in a decrease in the critical current-carrying 
capacity of the ?nished superconductor tape. As an addi 
tional protective measure, a length of polymer interleaf may 
be Wound into the take-up spool 132 betWeen layers as the 
substrate tape 140 Winds onto the take-up spool 132, pro 
tecting the superconducting layer of the substrate tape 140 
from being scratched by the non-coated side of the substrate 
tape 140. Polymer interleaf layers may also be included in 
the payout spool 128 and collected by a collector spool as 
the substrate tape 140 rolls off the payout spool 128. 
Additionally, the substrate tape 140 may undergo silver 
sputtering in a chamber adjacent to the deposition chamber 
102 before Winding onto the take-up spool 132 to provide a 
protective coating to the substrate tape 140. 

[0072] The substrate tape 140 is an eXtended length of 
buffered substrate that may have dimensions of one centi 
meter in Width and upWards of one hundred meters in length. 
An eXample of the substrate 140 is a buffered metal (e.g., 
polycrystalline nickel alloy) tape. In the case of a buffered 
metal tape, the substrate 140 is composed of, for eXample, 
Hastelloy, Inconel, or stainless steel that has been cleaned 
and polished and measures, for eXample, betWeen 25 and 
100 microns in thickness, With, for eXample, a yttria-stabi 
liZed Zirconia (YSZ), cerium oXide (CeO2) or magnesium 
oXide (MgO) buffer layer deposited thereon by one of 
several Well-knoWn deposition techniques, such as ion beam 
assisted deposition (IBAD). Optionally, the substrate 140 
may include “dummy tape,” or a length of non-processed 
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substrate, at both ends to allow easier lacing through the 
multi-laser beam PLD system 100 and easier subsequent 
handling. 

[0073] FIG. 2A shoWs a cross-sectional vieW of the PLD 
system 100 in operation, taken along line AAof FIG. 1A. As 
shoWn in FIG. 2A, it is evident that the PLD system 100 of 
the present invention further includes a laser 142 such as a 
Lambda Physik model STEEL 670 Excimer laser, charac 
teriZed by stabiliZed average poWer of 200 Watt and a pulse 
repetition rate up to 300 HZ. Those skilled in the art, 
hoWever, Will readily perceive that a variety of lasers may 
enable the practice of this present invention. 

[0074] In operation, the laser 142 emits a pulsed laser 
beam 210 that subsequently passes through a commercially 
available adjustable focus optical lens 144 and then re?ects 
off a mirror 146 that is a light-re?ecting surface available 
commercially from suppliers such as Roper Scienti?c. The 
PLD system 100 includes a laser port 148 that has a quartZ 
WindoW through Which the laser beam 210 enters into the 
deposition chamber 102. Because a laser beam, such as the 
laser beam 210, is operating continuously during the PLD 
process, contaminate particles of the target material may 
tend to cloud the laser WindoW Within the laser port 148 over 
time. Thus, in the preferred embodiment, the laser port 148 
includes a laser beam delivery system that monitors and 
automatically maintains a laser beam 210 of constant energy 
by monitoring the intensity of the laser beam 210 via sensors 
and feeding back to a controller such that the laser 142 
poWer level may be adjusted up or doWn accordingly. 

[0075] A plume 212 is a plasma cloud resulting from the 
material of the target 136 melting and subsequently evapo 
rating explosively When impinged upon by the laser beam 
210. 

[0076] The PLD system 100 further includes various con 
trols and monitoring devices, such as a mass ?oW controller 
(MFC) 150 that regulates the mass of gas that enters the 
deposition chamber 102; a vacuum pump 152 mounted to 
the deposition chamber 102 via a pump port 154 in chamber 
Wall 120, Where the vacuum pump 152 may be a combina 
tion of a mechanical pump and a turbo-molecular pump and 
functions to assist in controlling the pressure inside the 
deposition chamber 102 and purging gas from the deposition 
chamber 102, and Where the pump port 154 also acts as the 
outlet through Which gas is purged from the deposition 
chamber 102; a pressure gauge 156 that is a pressure-sensing 
device, such as a capacitance monometer, a hot cathode, a 
cold cathode, a convectron, or a number of other applicable 
instruments; and an electron gun 158 that during operation 
emits an electron stream 214 into the deposition chamber 
102 and onto the deposited HTS layers of the substrate 140 
at a graZing angle less than ?ve degrees. The electron stream 
214 impinges on the layers deposited on the substrate 140 
and is diffracted and analyZed at a RHEED pattern analysis 
area 160. The RHEED pattern analysis area 160 is an 
analysis area at Which a diffraction pattern is produced due 
to the interaction of the incident electron stream 214 and the 
crystalline arrangement of the surface of ?lm deposited onto 
the substrate 140. RHEED diffraction patterns, often repre 
sented by an EWald sphere, are produced When the momen 
tum of incident electron stream 214 and that of the diffracted 
electron beam differ by a reciprocal lattice vector of the 
deposition surface, and are used to monitor the groWth, 
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crystallinity, and crystal orientation of the ?lm (layers 
deposited onto the substrate 140) in situ. Additionally, other 
in situ monitoring tools that may be incorporated into the 
PLD system 100 include a helium neon (HeNe) laser With a 
HeNe pass ?lter and photodiode, an X-ray diffractometer 
system, or an X-ray ?uorescence system. 

[0077] With continued reference to FIGS. 1A and 2A, the 
operation of the PLD system 100 in its simplest form (i.e., 
one laser beam 210 impinging on one target 136 forming one 
plume 212) is as folloWs. The payout spool 128, on Which 
is Wound a length of substrate 140 that is coated With a buffer 
layer as received from the buffer processing area, is mounted 
Within the vacuum chamber 104. The substrate 140 is laced 
through the openings 117 and 119 in the chamber Walls 116 
and 118, respectively, and onto the take-up spool 132 in 
vacuum chamber 106, all the While being in contact With the 
idlers 130 and 134 to prevent any slack from developing in 
the length of the substrate 140. Additionally, the idlers 130 
and 134 are set such that the substrate 140 is a predetermined 
distance from the target 136. A typical distance of the 
substrate 140 from the target 136 is approximately tWo 
inches. 

[0078] The target 136 is mounted to the target holder 124 
Within the vacuum environment of the deposition chamber 
102 in close proximity to the substrate 140, onto Which the 
evaporant material, such as YBCO, is to be deposited. 

[0079] The vacuum environment of the deposition cham 
ber 102 is developed by the vacuum pump 152 and moni 
tored by the pressure gauge 156. Oxygen is pumped into the 
deposition chamber 102 via the MFC 150. 

[0080] The substrate 140 is heated to an optimal deposi 
tion temperature betWeen 500 and 900° C., preferably 
betWeen about 750 and about 830° C., by the radiant 
substrate heater 200. The pulsed laser beam 210, Which is 
generated by the laser 142 located outside the deposition 
chamber 102, is focused by the lens 144, re?ects off the 
nirror 146, and is directed into the deposition chamber 102 
through the laser port 148 to impinge upon a portion of the 
target 136, causing the formation of the plume 212, Which 
emanates from that portion of the target 136 radiated by the 
laser beam 210 toWard the substrate 140 in a highly forWard 
directed fashion. The particles contained in the plume 212 
are thus deposited onto the surface of the substrate 140 as the 
tape translates through the deposition chamber 102 at a 
predetermined speed controlled by the rotational speed of 
the take-up spool 132. 

[0081] The target 136 is rastered, or rotated and translated, 
by the target manipulator 122 during the laser impingement 
events to prevent undesirable microstructures (cones) from 
developing on the surface of the target 136 and, further, to 
assure an even Wearing aWay of the target 136. As the HTS 
coated tape formed by the PLD process exits the deposition 
chamber 102 through the opening 119 in the chamber Wall 
118, it may optionally undergo silver sputtering in an 
adjacent chamber to provide a protective coating. Alter 
nately, a protective ?lm may Wind onto the take-up spool 
132 as the superconducting tape Winds onto the take-up 
spool 132 to provide a protective barrier. 

[0082] As the deposition process occurs, the in situ moni 
toring tools as described in FIG. 2A are used to monitor the 
groWth, crystallinity, crystal orientation, and thickness of the 
?lm being deposited onto the substrate 140. 
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[0083] The deposition chamber 102 may additionally 
include several extra ports for user diagnostics or other 
applications, including, but not limited to, target and sub 
strate vieW ports, ports for atomic absorption or emission 
spectroscopy, and a pair of ports for in situ ellipsometry. 

[0084] To provide a PLD system 100 that is highly opti 
miZed for the continuous, high throughput production of 
HTS Wire, the translation rate of the substrate 140 through 
the PLD system 100 is increased by expanding the length of 
the deposition Zone in the folloWing manner. In an alterna 
tive embodiment that achieves an expanded length deposi 
tion Zone, the PLD system 100 of the present invention 
includes multiple instantiations of the laser beam 210 for 
impinging upon multiple instantiations of the target 136 
arranged sequentially along the axis of the tape translation, 
thereby forming multiple instantiations of the plume 212 
simultaneously to Which the substrate 140 is exposed. The 
multiple instantiations of the target 136 are mounted onto the 
target manipulator 122 that suitably designed to handle the 
multiple instantiations of the target 136. The multiple instan 
tiations of the plume 212 are arranged sequentially along the 
axis of the tape translation and are slightly overlapping, 
thereby forming an expanded length deposition Zone 
Wherein the substrate 140 is exposed to the evaporant 
material. Furthermore, this expanded deposition Zone pro 
vides a ?lm deposition uniformity Within 15%. The thick 
ness of the HTS ?lm deposited onto the substrate 140 is 
controlled by the rotational speed of the take-up spool 132, 
thereby controlling the time that the substrate 140 is present 
in the deposition Zone. 

[0085] Multiple instantiations of the laser beam 210 may 
be supplied by multiple instantiations of the laser 142, 
respectively, or by a single laser 142 having a laser output 
that is split into multiple instantiations of the laser beam 210 
by optical devices that perform Well-knoWn laser splitting 
functions. In this case, the intensity of the laser beam from 
the laser 142 is suf?ciently poWerful, When split, to supply 
the energy to multiple instantiations of the laser beam 210 
required for a PLD process. 

[0086] With continued reference to FIGS. 1A and 2A, the 
operation of this alternative embodiment of the PLD system 
100 (i.e., multiple instantiations of the laser beam 210 
impinging on multiple instantiations of the target 136 form 
ing multiple instantiations of the plume 212 simultaneously) 
is as folloWs. The substrate 140 is laced through the depo 
sition chamber 102 from the payout spool 128 to the take-up 
spool 132 as described previously. The idlers 130 and 134 
are set such that the substrate 140 is a predetermined 
distance from the multiple instantiations of the target 136. A 
typical distance of the substrate 140 from the targets 136 is 
approximately ?ve centimeters [tWo inches]. 

[0087] Multiple instantiations of the target 136 are 
mounted to multiple instantiations of the target holder 124, 
respectively, of the target manipulator 122 Within the 
vacuum environment of the deposition chamber 102 in close 
proximity to the substrate 140, onto Which the evaporant 
material, such as YBCO, is to be deposited. The substrate 
140 is heated by convection to an optimal deposition tem 
perature betWeen 500 and 900° C., preferably betWeen about 
750 and about 830° C., by the substrate heater 200 that in 
this embodiment is a radiant multi-Zone substrate heater. 
Multiple instantiations of the pulsed laser beam 210 are 
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focused by multiple instantiations of the lens 144, re?ecting 
off multiple instantiations of the mirror 146, and are directed 
into the deposition chamber 102 through the multiple instan 
tiations of the laser port 148. The target manipulator 122 
suitably provides the required rotating and variable-speed 
side-to-side oscillating motion to multiple instantiations of 
the target 136 simultaneously, each having a laser beam 210 
impinging upon their surface concurrently, causing the for 
mation of multiple instantiations of the plume 212, Which 
overlap and emanate toWard the substrate 140, thereby 
maximiZing the deposition Zone and thus optimiZing the 
throughput in the continuous production PLD process. The 
particles produced by multiple instantiations of the plume 
212 are thereby deposited onto the surface of the substrate 
140 as the tape translates through the deposition chamber 
102 at a predetermined speed controlled by the rotational 
speed of the take-up spool 132. 

[0088] Several key observations can be made regarding 
the multiple laser beam\target\plume arrangement of the 
PLD system 100 of the present invention: 

[0089] For a given HTS ?lm thickness, an increase in 
throughput is achieved that is directly proportional to the 
number of laser beams and targets operating simultaneously 
(i.e., thereby forming multiple plumes), as compared With a 
single laser beam system (i.e., a single plume). 

[0090] Alternatively, for a given substrate translation 
speed, an increase in HTS ?lm thickness is achieved that is 
directly proportional to the number of laser beams and 
targets operating simultaneously (i.e., thereby forming mul 
tiple plumes), as compared With a single laser beam system 
(i.e., a single plume). 

[0091] High throughput is achieved Without sacri?cing the 
uniformity of the deposited material. 

[0092] FIG. 3 illustrates a side vieW of a multi-Zone heater 
250 in accordance With the invention, in its simplest form, 
for use in a vapor deposition process for forming HTS 
coated Wire. Additionally, FIG. 4 illustrates an end vieW of 
the multi-Zone heater 250 of FIG. 3. 

[0093] With references to FIGS. 3 and 4, the multi-Zone 
heater 250 of the present invention includes a heater block 
210 that forms the main body of the multi-Zone heater 250. 
A ?rst heating Zone formed Within the heater block 210 is a 
preheating Zone 212 having a radiant heating element 214, 
such as a lamp, fed by a poWer feed 216. The poWer feed 216 
is electrically connected to an external controller (not 
shoWn) for controlling the poWer level of the heating ele 
ment 214 and thereby control its temperature based on 
feedback to the external controller via a conventional ther 
mocouple 118 that provides temperature measurements ?rm 
Within the preheating Zone 212. The heating element 214 
Within the preheating Zone 212 is typically capable of 
providing a maximum temperature of 860° C. 

[0094] A second heating Zone formed Within the heater 
block 210 is a deposition Zone 220 having a radiant heating 
element 222, such as a lamp, fed by a poWer feed 124. The 
poWer feed 124 is electrically connected to the external 
controller for controlling the poWer level of the heating 
element 222 and thereby control its temperature based on 
feedback to the external controller via a conventional ther 
mocouple 226 that provides temperature measurements 
from Within the deposition Zone 220. The heating element 
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222 Within the deposition Zone 220 is typically capable of 
providing a maximum temperature of 900° C. 

[0095] Lastly, a third heating Zone formed Within the 
heater block 210 is a cooling Zone 228 likeWise having a 
radiant heating element 230, such as a lamp, or a resistive 
heating element such as molybdenum disilicide or silicon 
carbide or nickel-iron alloys such as Kanthal, fed by a poWer 
feed 232. The poWer feed 232 is likeWise electrically con 
nected to the external controller for controlling the poWer 
level of the heating element 230 and thereby control its 
temperature based on feedback to the external controller via 
a conventional thermocouple 234 that provides temperature 
measurements from Within the cooling Zone 228. The heat 
ing element 230 Within the cooling Zone 228 is typically 
capable of providing a maximum temperature of 860° C. 

[0096] A partition 236 provides the physical and thermal 
boundary betWeen the preheating Zone 212 and the deposi 
tion Zone 220. Likewise, a partition 238 provides the physi 
cal and thermal boundary betWeen the deposition Zone 220 
and the cooling Zone 228. The length of the preheating Zone 
212, the deposition Zone 220, and the cooling Zone 228 each 
measures typically betWeen 6.25 and 7.5 cm [2.5 and 3.0 
inches]. Alternatively, the length of each Zone can be 
changed by rearranging the thermal element connection 
according to requirements. In operation, the maximum AT 
betWeen the preheating Zone 212 and the deposition Zone 
220, and betWeen the cooling Zone 228 and the deposition 
Zone 220 is typically 200° C., and the overall temperature 
stability of the heating Zones is 15° C. 

[0097] A shelf 240 forms the base of the multi-Zone heater 
200. Disposed Within the shelf 240 is an aperture 242 that is 
positioned Within the deposition Zone 220. More speci? 
cally, the aperture 242 is a WindoW that during the deposition 
process opens brie?y to alloW a plume of ablated material to 
reach a substrate 140 to Which the aperture 242 is precisely 
aligned as the substrate 140 translates through the deposition 
Zone 220. The substrate 140 is, for example, a buffered metal 
(e.g., polycrystalline nickel alloy) tape, depending upon the 
application. 

[0098] A susceptor 244 is arranged along the entire length 
of the multi-Zone heater 200, in contact With Which the 
substrate 140 translates in close proximity to the heating 
elements 214, 222, and 230. The susceptor 244 provides a 
support for the substrate 140 as it travels through the 
deposition Zone. The main role of the susceptor 244 is to 
provide a good heat transfer to the substrate 140 so as to 
maintain a uniform temperature pro?le in the deposition 
Zone. The susceptor 244 is typically as long as the heater 
itself and Wide enough to cover the entire deposition Zone. 
The thickness of the susceptor 244 is betWeen 5 mm and 35 
mm, preferably betWeen 10 mm and 20 nm The susceptor 
244 is formed of a material, such as hastelloy or inconel or 
silicon carbide, that can conduct heat as Well as transfer 
infrared radiation from the heating elements 214, 222, and 
230 to the substrate 140. The susceptor 244 must be capable 
of Withstanding the operating temperatures of the deposition 
process. To enable good thermal conduction, the susceptor is 
manufactured With a large radius of approximately 5 to 10 
m. This radius enables the tape to be taut against the 
susceptor. The susceptor is thermally stable so that it does 
not deform When exposed to the high temperatures. Any 
deformation Will prevent good contact betWeen the substrate 
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and the susceptor. Lastly, the susceptor 244 prevents the 
plume from contacting the inner components of the multi 
Zone heater 200. 

[0099] A coolant chamber 246 formed Within the heater 
block 210 provides containment for a coolant, such as Water, 
to How Within the heater block 210. The coolant is necessary 
to prevent thermal diffusion from the multi-Zone heater 200 
to other elements Within the deposition chamber. The cool 
ant enters the coolant chamber 246 via a plurality of coolant 
inlets 248 and exits via a plurality of coolant outlets 250. 

[0100] The multi-Zone heater 200 is suitable to operate 
inside a deposition chamber, such as a PLD chamber, and 
thus is secured Within the chamber via a plurality of stand 
offs 252. Lastly, and With reference to FIG. 4, several free 
space paths Within the multi-Zone heater 200 are provided to 
either the target 136 or the substrate 140. More speci?cally, 
a channel 254 provides a free space optical path for an 
external pulsed laser beam directed at the target 136 during 
the deposition process. The required incident angle of the 
laser onto the target 136 is typically 45 degrees. Multiple 
slots 256, for example slots 256a and 256b, provide a free 
space path to the deposition side of the substrate 140, 
thereby alloWing Fourier Transform Infared (FTIR) spec 
troscopy analyses of the substrate 140 during the deposition 
process. FTIR measurements yield information about both 
the temperature of the substrate 140 and the thickness and 
uniformity of the ?lm being deposited on the substrate 140. 
A channel 258 is a free space path for the sensing mecha 
nism of a pyrometer (not shoWn), a non-contact temperature 
sensing device for monitoring the temperature of the non 
deposition side of the substrate 140. 

[0101] With continued reference to FIGS. 3 and 4, the 
operation of the multi-Zone heater 200 in its simplest form 
is as folloWs. The multi-Zone heater 200 is mounted Within 
a deposition chamber, such as a PLD chamber, in such a Way 
that the preheating Zone 212 is oriented toWard the entry 
point of the vapor deposition chamber and, conversely, the 
cooling Zone 228 is oriented toWard the exit point of the 
vapor deposition chamber. The substrate 140 is fed into the 
deposition chamber, passing through the heater block 210 of 
the multi-Zone heater 200 of the present invention via the 
cavity formed by the shield 244. 

[0102] The temperature of the preheating Zone 212 is set 
typically to betWeen 750 and 830° C. via the element 214 
under the control of the external controller connecting to the 
poWer feed 216. The temperature of the deposition Zone 220 
is set typically to about 850° C. via the element 222 under 
the control of the external controller connecting to the poWer 
feed 124. Lastly, the temperature of the cooling Zone 228 is 
set typically to betWeen 750 and 830° C. via the element 230 
under the control of the external controller connecting to the 
poWer feed 232. Thermocouples 218, 226, and 234 are 
placed in holes drilled in the body of the susceptor 244 itself 
and provide continuous temperature measurement feedback 
to the external controller such that the poWer level of the 
elements 214, 222, and 230, respectively, may be adjusted 
upon the detection of any temperature ?uctuations during 
the deposition process, thereby maintaining the desired 
temperature Within each Zone. By placing the thermocouples 
in body of the susceptor, a better temperature stability can be 
maintained. 

[0103] The substrate 140 translates along the length of the 
multi-Zone heater 200 in a How direction from the preheat 
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ing Zone 212 to the deposition Zone 220 and ?nally exiting 
through the cooling Zone 228. The tension and translation 
speed of the substrate 140 are maintained in a controlled 
fashion to achieve proper ?lm uniformity and thickness. 

[0104] The preheating Zone 212 raises the temperature of 
the substrate 140 to betWeen 750 and 830° C., preparing it 
for the deposition Zone 220. Once inside the deposition Zone 
220, the temperature of the substrate 140 rises further to 
about 850° C. and a ?lm of HTS material is deposited onto 
the substrate 140 via exposure to a plume of HTS material. 

[0105] The plume of HTS material is generated by a 
pulsed laser beam impinging on the surface of the HTS 
target 136 via channel 254 Where the plume of HTS material 
enters the multi-Zone heater 200 via the aperture 242 that is 
synchroniZed With the pulsed laser beam impinging on the 
target 136. Having passed through the deposition Zone 220, 
the translating substrate 140 passes into the cooling Zone 
228 Where the temperature is loWered to betWeen 750 and 
830° C., preparing the substrate 140 to exit the deposition 
chamber. 

[0106] Slots 256a and 256b provide unobstructed paths to 
the deposition surface of the substrate 140 to accommodate 
FTIR spectroscopy analyses throughout the deposition pro 
cess. The FTIR spectroscopy yields information about the 
temperature, the thickness, and the uniformity of the ?lm 
being deposited on the substrate 140. Likewise, the channel 
258 provides an unobstructed path to the non-deposition 
surface of the substrate 140 so that the pyrometer (not 
shoWn) may monitor the temperature of the non-deposition 
surface of the substrate 140. Lastly, coolant continuously 
circulates through the coolant chamber 246 via the coolant 
inlets 248 and the coolant outlets 250 and thereby maintains 
the temperature of the heater block 210 and associated 
hardWare at an acceptable level to prevent damage due to 
excessive heating. 

[0107] Alternatively, it is noted that the multi-Zone heater 
200 of the present invention is not limited to a single 
preheating Zone 212, deposition Zone 220, and cooling Zone 
228, as shoWn in FIG. 1. The multi-Zone heater 200 of the 
present invention is scalable to any number of preheating 
Zones 212, deposition Zones 220, and cooling Zones 228. For 
example, to support a high-throughput manufacturing pro 
cess for the continuous ?oW production of HTS-coated Wire, 
an expanded deposition region is bene?cial. Such an 
expanded deposition region is, for example, betWeen about 
25 and 65 cm [10 and 25 inches], preferably betWeen about 
30 and 37.5 cm [12.5 and 15.0 inches] in length. In this 
embodiment, the multi-Zone heater 200 is a scalable multi 
Zone heater design that includes multiple deposition Zones 
220 arranged sequentially to accommodate process deposi 
tion regions of varying length Within a deposition chamber, 
Where the deposition chamber has multiple targets 136 With 
multiple laser beams impinging simultaneously on their 
respective surfaces, thereby exposing the substrate 140 to 
multiple overlapping plumes of HTS material simulta 
neously along the length of this expanded deposition region 
via multiple apertures 242. 

[0108] FIGS. 2B and 2C illustrate a top vieW and side 
vieW, respectively, of an embodiment of the present inven 
tion utiliZing a multi-laser beam PLD system in conjunction 
With the multi-target manipulator apparatus of the present 
invention. A multi-laser PLD system 300 broadly represents 

Jan. 13, 2005 

the operation of a multi-laser beam PLD system. Although 
FIGS. 2B and 2C illustrate a multi-laser PLD application, 
the system is also suited for use With a split laser beam PLD 
system. 

[0109] FIGS. 2B and 2C illustrate the multi-laser PLD 
system 300, Which includes a plurality of lasers 142 (e.g., a 
laser 142a, a laser 142b, and a laser 142c) producing a 
plurality of laser beams 210 (e.g., a laser beam 210a, a laser 
beam 210b, and a laser beam 210c), respectively, that pass 
through a chamber Wall 316 via WindoWs and strike a 
plurality of targets 136 (e.g., a target 136a, a target 136b, and 
a target 136c), respectively, at an angle Within a PLD 
chamber. The lasers 142 are, for example, Lambda Physik 
model LPX 308i lasers, characteriZed by a medium to high 
duty cycle With a pulse repetition rate up to 100 HZ. 
Alternative examples of the lasers 142 are Lambda Physik 
model STEEL 670 or STEEL 1000 Excimer lasers, capable 
of pulse repetition rates up to 350 HZ. 

[0110] In the case of a PLD system for continuous pro 
duction of HTS-coated tape, the targets 136 are composed of 
HTS material, such as yttrium-barium-copper-oxide 
(YBa2Cu3O7 or “YBCO”) or cerium oxide (CeOZ), depend 
ing upon the application. The targets 136 are available 
commercially from suppliers such as Target Materials, 
Praxair, and Superconductive Components. 

[0111] In operation, the lasers 142a, 142b, and 142c pro 
ducing the laser beams 210a, 210b, and 210c, respectively, 
that pass though their respective WindoWs in the chamber 
Wall 316 and strike the targets 136a, 136b, and 136c, 
respectively, as illustrated in FIG. 2B. As a result, multiple 
plumes 212 (e.g., a plume 212a, a plume 212b, and a plume 
212c) of ablated material (plasma) are formed simulta 
neously, as illustrated in FIG. 2C. In the example of FIGS. 
2B and 2C, the plumes 212a, 212b, and 212c are deposited 
simultaneously on a substrate 140 due to the simultaneous 
action of laser beams 210a, 210b, and 210c impinging on 
the targets 136a, 136b, and 136c, respectively, Which are 
located in close proximity to the substrate 140, typically 
about ?ve centimeters [tWo inches]. 

[0112] The targets 136a, 136b, and 136c are spaced in 
such a Way as to obtain the desired plume overlap, and hence 
provide a uniform deposition over an expanded length of the 
substrate 140. 

[0113] FIGS. 2D, 2E, and 2E illustrate the target impinge 
ment geometries that are the result of various actions of a 
conventional target manipulator. FIGS. 2D, 2E, and 2E are 
provided as background and to gain a basic understanding of 
the operation of any state of the art target manipulator 
including a ?rst embodiment of the multi-target manipulator 
apparatus of the present invention that is shoWn in FIGS. 5A 
and 5B, and a second embodiment of the multi-target 
manipulator apparatus of the present invention that is shoWn 
in FIGS. 6A, and 6B. 

[0114] As Well knoWn in the art, target manipulators 
provide rotational motion as Well as side-to-side oscillation. 
The side-to-side oscillation is provided With variable speed 
to optimiZe the target material usage. For illustration only, 
FIGS. 2D, 2E, and 2E incrementally demonstrate each 
motion and the resulting target usage. 

[0115] With reference to the top and cross-sectional vieWs 
of FIG. 2D, FIG. 2D illustrates the target 136 having 








