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(57) ABSTRACT 

An approach is presented for designing a polymeric layer for 
nanometer scale thermo-mechanical storage devices. Cross 
linked polyimide oligomers are used as the recording layers 
in atomic force data storage device, giving signi?cantly 
improved performance When compared to previously 
reported cross-linked and linear polymers. The cross-linking 
of the polyimide oligomers may be tuned to match thermal 
and force parameters required in read-Write-erase cycles. 
Additionally, the cross-linked polyimide oligomers are suit 
able for use in nano-scale imaging. 
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METHOD FOR HIGH DENSITY DATA 
STORAGE AND IMAGING 

RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of 
and claims priority of copending application Ser. No. 
11/358,774 ?led on Feb. 21, 2006. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the ?eld of high 
density data storage and imaging and more speci?cally to a 
data storage and image medium, a data storage and imaging 
system, and a data storage and imaging method. 

BACKGROUND OF THE INVENTION 

[0003] Current data storage and imaging methodologies 
operate in the micron regime. In an effort to store ever more 
information in ever smaller spaces, data storage density has 
been increasing. In an effort to reduce poWer consumption 
and increase the speed of operation of integrated circuits, the 
lithography used to fabricate integrated circuits is pressed 
toWard smaller dimensions and more dense imaging. As data 
storage siZe increases and density increases and integrated 
circuit densities increase, there is a developing need for data 
storage and imaging methodologies that operate in the 
nanometer regime. 

SUMMARY OF THE INVENTION 

[0004] A ?rst aspect of the present invention is a method, 
comprising: heating a probe to at least 1000 C.; pushing the 
heated probe into a cross-linked resin layer of polyimide 
oligomers; and removing the probe from the resin layer, 
resulting in formation of a deformed region in the resin 
layer. 
[0005] A second aspect of the present invention is the ?rst 
aspect, Wherein the polyimide oligomers have the structure: 

Wherein R' is selected from the group consisting of 
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Wherein n is an integer from about 5 to about 50. 

[0006] Athird aspect of the present invention is the second 
aspect Wherein the layer of polyimide oligomers includes a 
reactive diluent, the reactive diluent selected from the group 
consisting of: 
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wherein E is 

0 

wherein each of A1, A2, A3 . . .AN is independently selected 
from the group consisting of: 

O O 

—N N—R2— 

R1 

0 O 
and 

O 0 

Where R1, R2 and R3 are each independently selected from 
the group consisting of hydrogen, alkyl groups, aryl groups, 3 

—N N—R —; 
cycloalkyl groups, alkoxy groups, aryloxy groups, alky 
lamino groups, arylamino groups, alkylarylamino groups, R1 

O O arylthio, alkylthio groups and 

wherein R1 is selected from the group consisting of 

—O O—> 

_S@S_ and 
\S S/ 

Wherein R2 is selected from the group consisting of 

Wherein the polyimide oligomers are cross-linked by reac 
tive diluent groups derived from the reactive diluent during 
the curing. 
[0007] A fourth aspect of the present invention is the third 

aspect, Wherein a glass transition temperature of the resin ‘Q0 O® layer With the reactive diluent groups is Within about 50° C. , 

of a glass transition temperature of an otherWise identical U 
resin layer formed Without the reactive diluent groups. 

[0008] A ?fth aspect of the present invention is the ?rst 
aspect Wherein the polyimide oligomers have the structure: 0 O > 
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-continued 

ooooooo and 

wherein R3 is 

5 
wherein N is an integer greater than or equal to 2; 

wherein at least one ofAl, A2, A3 . . . AN is 

o o 

—N N—R2—; 

R1 

0 o 
and 

wherein at least one ofAl, A2, A3 . . . AN is 

o o 

—N N—R3—. 

R1 

0 o 

[0009] A sixth aspect of the present invention is the ?rst 
aspect wherein after the curing, the resin layer is cross 
linked by the reactive endgroups of the polyimide oligo 
mers. 

[0010] A seventh aspect of the present invention is the ?rst 
aspect wherein the polyimide oligomers include reactive 
pendent groups attached along backbones of the polyimide 
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oligomers and after the curing, the resin layer is cross-linked 
by the reactive pendent groups. 
[0011] A eighth aspect of the present invention is the ?rst 
aspect, wherein a glass transition temperature of the resin 
layer is less than about 250° C. 
[0012] A ninth aspect of the present invention is the ?rst 
aspect, wherein a modulus of the resin layer above a glass 
transition temperature of the resin layer is between about 1.5 
and about 3.0 decades lower than a modulus of the resin 
layer below the glass transition temperature of the resin 
layer. 
[0013] A tenth aspect of the present invention is the ?rst 
aspect, wherein the resin layer is thermally and oxidatively 
stable to at least 4000 C. 
[0014] An eleventh aspect of the present invention is the 
?rst aspect, further including: removing the resin layer in the 
deformed region to form an exposed region of a substrate 
and a region of substrate protected by the resin layer; and 
modifying at least a portion of the exposed region of 
substrate. 
[0015] A twelfth aspect of the present invention is the ?rst 
aspect, further including: dragging the probe in a direction 
parallel to a top surface of the resin layer while heating and 
pushing the probe, resulting in formation of a trough in the 
resin layer. 
[0016] A thirteenth aspect of the present invention is the 
?rst aspect, wherein the cross-linked resin layer has a 
thickness between about 10 nm and about 500 nm and a 
thickness variation of less than about 1.0 nm across the 
cross-linked resin layer. 
[0017] A fourteenth aspect of the present invention is a 
method, comprising: heating a probe to at least 1000 C.; 
pushing the heated probe into a cross-linked resin layer of 
polyimide oligomers; and removing the probe from the resin 
layer, resulting in formation of a deformed region in the 
resin layer. 
[0018] A ?fteenth aspect of the present invention is a data 
storage device, comprising: a recording medium comprising 
a resin layer overlying a substrate, in which topographical 
states of the resin layer represent data, the resin layer 
comprising cross-linked polyimide oligomers; and a read 
write head having one or more thermo-mechanical probes, 
each of the thermo-mechanical probes including a resistive 
region locally heating a tip of the thermo-mechanical probe 
in response to electrical current being applied to the thermo 
mechanical probe; and a scanning system for scanning the 
read-write head across a surface of the recording medium. 

BRIEF DESCRIPTION OF DRAWINGS 

[0019] The features of the invention are set forth in the 
appended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip 
tion of illustrative embodiments when read in conjunction 
with the accompanying drawings, wherein: 
[0020] FIGS. 1A through 1C illustrate the structure and 
operation of a tip assembly for a data storage device includ 
ing the data storage medium according to the embodiments 
of the present invention; 
[0021] FIG. 2 is an isometric view of a local probe storage 
array including data storage medium according to the 
embodiments of the present invention; 
[0022] FIGS. 3A through 3D are cross-section views illus 
trating formation of a pattern in a substrate according to one 
embodiment of the present invention; 
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[0023] FIGS. 4A through 4E are cross-section vieWs illus 
trating formation of a pattern in a substrate according to 
another embodiment of the present invention; 
[0024] FIGS. 5A through 5E are cross-section vieWs illus 
trating formation of a pattern in a layer on a substrate 
according to an embodiment of the present invention; 
[0025] FIG. 6 is a diagram illustrating cross-linking of a 
polyimide resin With a reactive diluent according to embodi 
ments of the present invention; 
[0026] FIG. 7 is thermo-gravimetric analysis plotting per 
centage of Weight remaining and temperature versus time of 
a polyimide resin according to an embodiment of the present 
invention compared to polystyrene resins; 
[0027] FIG. 8 is a plot of modulus versus temperature of 
polyimide resins according to embodiments of the present 
invention; 
[0028] FIGS. 9A through 9D are SEM photomicrographs 
of tips of various tip assemblies; and 
[0029] FIG. 10 is anAFM scan-line cross-section shoWing 
data bits Written in a storage medium according to an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] For the purpose of describing the present invention, 
on a scale of 0-100 units, a decade is 10 units. On a scale of 
0-1000, a decade is 100 units. Therefore a decade of a range 
is de?ned as one-tenth of the range of units from 0 units to 
10” units, Wherein n is a Whole positive integer equal to or 
greater than 0. 
[0031] FIGS. 1A through 1C illustrate the structure and 
operation of a tip assembly 100 for a data storage device 
including the data storage medium according to the embodi 
ments of the present invention. In FIG. 1A, probe tip 
assembly 100 includes a U-shaped cantilever 105 having 
?exible members 105A and 105B connected to a support 
structure 110. Flexing of members 105A and 105B provides 
for substantial pivotal motion of cantilever 105 about a pivot 
axis 115. Cantilever 105 includes a tip 120 ?xed to a heater 
125 connected betWeen ?exing members 105A and 105B. 
Flexing members 105A and 105B and heater 125 are elec 
trically conductive and connected to Wires (not shoWn) in 
support structure 110. In one example, ?exing members 
105A and 105B and tip 120 are formed of highly-doped 
silicon and have a loW electrical resistance, and heater 125 
is formed of lightly doped silicon having a high electrical 
resistance su?icient to heat tip 120, in one example, betWeen 
about 100° C. and about 400° C. When current is passed 
through heater 125. The electrical resistance of heater 125 is 
a function of temperature. 
[0032] Also illustrated in FIG. 1A is a storage medium (or 
a recording medium) 130 comprising a substrate 130A, and 
a cured polyimide resin layer 130B. In one example, sub 
strate 130A comprises silicon. Cured polyimide resin layer 
130B may be formed by solution coating, spin coating, dip 
coating or meniscus coating uncured polyimide resin for 
mulations and performing a curing operation on the resultant 
coating. In one example, cured polyimide resin layer 130B 
has a thickness betWeen about 10 nm and about 500 nm and 
a variation in thickness of less than about 1.0 nm across the 
cured polyimide resin layer. The composition of cured 
polyimide resin layer 130B is described infra. An optional 
penetration stop layer 130C is shoWn betWeen cured poly 
imide resin layer 130B and substrate 130A. Penetration stop 
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layer 130C limits the depth of penetration of tip 120 into 
cured polyimide resin layer 130B. 
[0033] Turning to the operation of tip assembly 100, in 
FIG. 1A, an indentation 135 is formed in cured polyimide 
resin layer 130B by heating tip 120 to a Writing temperature 
TWby passing a current through cantilever 105 and pressing 
tip 120 into cured polyimide resin layer 130B. Heating tip 
120 alloWs the tip to penetrate the cured polyimide resin 
layer 130B forming indentation 135, Which remains after the 
tip is removed. In one example, the cured polyimide resin 
layer 130B is heated to above 2000 C. by heated tip 120 to 
form indentation 135. As indentations 135 are formed, a ring 
135A of cured polyimide polymer is formed around the 
indentation. Indentation 135 represents a data bit value of 
“1”, a data bit value of “0” being represented by an absence 
of an indentation. 

[0034] FIGS. 1B and 1C illustrate reading the bit value. In 
FIGS. 1B and 1C, tip assembly 100 is scanned across a 
portion of cured polyimide resin layer 130B. When tip 120 
is over a region of cured polyimide resin layer 130B not 
containing an indentation, heater 125 is a distance D1 from 
the surface of the cured polyimide resin layer (see FIG. 1B). 
When tip 120 is over a region of cured polyimide resin layer 
130B containing an indentation, heater 125 is a distance D2 
from the surface of the cured polyimide resin layer (see FIG. 
1C) because the tip “falls” into the indentation. D1 is greater 
than D2. If heater 125 is at a temperature T R (read tempera 
ture), Which is loWer than TW (Write temperature), there is 
more heat loss to substrate 130A When tip 120 is in an 
indentation than When the tip is not. This can be measured 
as a change in resistance of the heater at constant current, 
thus “reading” the data bit value. It is advantageous to use 
a separate heater for reading Which is mechanically coupled 
to the tip but thermally isolated from the tip. A typical 
embodiment is disclosed in Patent Application EP 
054050182, 13 Jan. 2005. 
[0035] “Erasing” (not shoWn) is accomplished by posi 
tioning tip 120 in close proximity to indentation 135, heating 
the tip to a temperature T E (erase temperature) and applying 
a loading force similar to Writing, Which causes the previ 
ously Written indent to relax to a ?at state Whereas a neW 
indent is Written slightly displaced With respect to the erased 
indent. The cycle is repeated as needed for erasing a stream 
of bits Whereby an indent alWays remains at the end of the 
erase track. TE is typically greater than TW. The erase pitch 
is typically on the order of the rim radius. In one example, 
the cured polyimide resin layer 130B is heated to above 
about 200° C. by heated tip 120, and the erase pitch is 10 nm 
to eliminate indentation 135. 

[0036] FIG. 2 is an isometric vieW of a local probe storage 
array 140 including data storage medium according to the 
embodiments of the present invention. In FIG. 2, local probe 
storage array 140 includes substrate 145 having a cured 
polyimide resin layer 150 (similar to cured polyimide resin 
layer 130B of FIGS. 1A, 1B and 1C), Which acts as the 
data-recording layer. An optional tip penetration stop layer 
may be formed betWeen cured polyimide resin layer 150 and 
substrate 145. In one example, substrate 145 comprises 
silicon. Cured polyimide resin layer 150 may be formed by 
solution coating, spin coating, dip coating or meniscus 
coating uncured polyimide resin formulations and perform 
ing a curing operation on the resultant coating. In one 
example, cured polyimide resin layer 150 has a thickness 
betWeen about 10 nm and about 500 nm and a variation in 
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thickness across a Writeable region of cured polyimide resin 
layer 150 of less than about 1.0 nm across the cured 
polyimide resin layer. The composition of cured polyimide 
resin layer 150 is described infra. Positioned over cured 
polyimide resin layer 150 is a probe assembly 155 including 
an array of probe tip assemblies 100 (described supra). 
Probe assembly 155 may be moved in the X, Y and Z 
directions relative to substrate 145 and cured polyimide 
resin layer 150 by any number of devices as is knoWn in the 
art. Switching arrays 160A and 160B are connected to 
respective roWs (X-direction) and columns (Y-direction) of 
probe tip assemblies 100 in order to alloW addressing of 
individual probe tip assemblies. SWitching arrays 160A and 
160B are connected to a controller 165 Which includes a 
Write control circuit for independently Writing data bits With 
each probe tip assembly 100, a read control circuit for 
independently reading data bits With each probe tip assem 
bly 100, an erase control circuit for independently erasing 
data bits With each probe tip assembly 100, a heat control 
circuit for independently controlling each heater of each of 
the probe tip assembles 100, and X, Y and Z control circuits 
for controlling the X, Y and Z movement of probe assembly 
155. The Z control circuit controls a contact mechanism (not 
shoWn) for contacting the cured polyimide resin layer 150 
With the tips of the array of probe tip assemblies 100. 
[0037] During a Write operation, probe assembly 155 is 
brought into proximity to cured polyimide resin layer 150 
and probe tip assemblies 100 are scanned relative to the 
cured polyimide resin layer. Local indentations 135 are 
formed as described supra. Each of the probe tip assemblies 
100 Writes only in a corresponding region 170 of cured 
polyimide resin layer 150. This reduces the amount of travel 
and thus time required for Writing data. 
[0038] During a read operation, probe assembly 155 is 
brought into proximity to cured polyimide resin layer 150 
and probe tip assemblies 100 are scanned relative to the 
cured polyimide resin layer. Local indentations 135 are 
detected as described supra. Each of the probe tip assemblies 
100 reads only in a corresponding region 170 of cured 
polyimide resin layer 150. This reduces the amount of travel 
and thus the time required for reading data. 
[0039] During an erase operation, probe assembly 155 is 
brought into proximity to cured polyimide resin layer 150, 
and probe tip assemblies 100 are scanned relative to the 
cured polyimide resin layer. Local indentations 135 are 
erased as described supra. Each of the probe tip assemblies 
100 reads only in a corresponding region 170 of cured 
polyimide resin layer 150. This reduces the amount of travel 
and thus time required for erasing data. 
[0040] Additional details relating to data storage devices 
described supra may be found in the articles “The Milli 
pedeiMore than one thousand tips for future AFM data 
storage,” P. Vettiger et al., IBM Journal of Research and 
Development. Vol. 44 No. 3, May 2000 and “The Milli 
pedeiNanotechnology Entering Data Storage,” P. Vettiger 
et al., IEEE Transaction on Nanotechnology, Vol. 1, No, 1, 
March 2002. See also U.S. patent Publication 2005/ 
0047307, Published Mar. 3, 2005 to Frommer et al. and Us. 
patent Publication 2005/ 0050258, Published Mar. 3, 2005 to 
Frommer et al., both of Which are hereby included by 
reference in there entireties. 

[0041] FIGS. 3A through 3D are cross-section vieWs illus 
trating formation of a pattern in a substrate according to one 
embodiment of the present invention. In FIG. 3A, formed on 
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a substrate 200 is a cured polyimide resin layer 205 (similar 
to cured polyimide resin layer 130B of FIGS. 1A, 1B and IC 
and cured polyimide resin layer 150 of FIG. 2) Which Will 
be an imaging layer. Cured polyimide resin layer 205 may 
be formed by applying (by solution coating, spin coating, 
dip coating or meniscus coating) a layer of uncured poly 
imide oligomers (including reactive end capping agents and 
optional reactive diluents or reactive backbone linking 
agents as described infra) and then heating the substrate and 
uncured polyimide oligomers to a curing temperature caus 
ing cross-linking of the polyimide oligomers into a polyim 
ide resin. 
[0042] In FIG. 3B, a heated probe tip 210 is pushed doWn 
(perpendicular to a top surface 215 of substrate 200) into 
cured polyimide resin layer 205 and then dragged parallel to 
top surface 215 of substrate 200 thus exposing a region of 
substrate 200. 
[0043] In FIG. 3C, a trench 220 is etched into substrate 
200 Wherever the substrate is not protected by cured poly 
imide resin layer 205. In FIG. 3D, cured polyimide resin 
layer 205 (see FIG. 3C) is removed. 
[0044] FIGS. 4A through 4E are cross-section vieWs illus 
trating formation of a pattern in a substrate according to 
another embodiment of the present invention. FIGS. 4A are 
4B are similar to FIGS. 3A and 3B except in FIG. 4B, heated 
probe 210 is not pressed completely through cured polyim 
ide resin layer 205 forming a cured polyimide resin thinned 
region 225 in cured polyimide resin layer 205. In FIG. 4C, 
cured polyimide resin thinned region 225 (see FIG. 4B) is 
removed exposing top surface 215 of substrate 200 and also 
producing a thinned cured polyimide resin layer 205A. In 
one example, the removal of cured polyimide resin thinned 
region 225 is done by reactive plasma. In one example, the 
removal of cured polyimide resin thinned region 225 is done 
by controlled exposure to a liquid or a vapor. 
[0045] In FIG. 4D, trench 220 is etched into substrate 200 
Wherever the substrate is not protected by thinned cured 
polyimide resin layer 205A. In FIG. 4E, thinned cured 
polyimide resin layer 205A (see FIG. 4D) is removed. 
[0046] FIGS. 5A through 5E are cross-section vieWs illus 
trating formation of a pattern in a layer on a substrate 
according to an embodiment of the present invention. FIGS. 
5A and 5B are similar to FIGS. 4A and 4B except a hard 
mask layer 230 is formed betWeen substrate 200 and cured 
polyimide resin layer 205. In FIG. 5C, cured polyimide resin 
thinned region 225 (see FIG. 5B) is removed exposing a top 
surface 235 of hard mask layer 225 and also producing a 
thinned cured polyimide resin layer 205A. 
[0047] In FIG. 5D, trench 240 is etched into hardmask 
layer 225 Wherever the substrate is not protected by thinned 
cured polyimide resin layer 205A. In FIG. 5E, thinned cured 
polyimide resin layer 205A (see FIG. 5D) is removed. 
Hardmask layer 230 may be used to etch substrate 200 or to 
block diffusion and ion implantation or as a mandrel for 
deposition of other coatings including conformal coatings. 
[0048] The methodologies illustrated in FIGS. 3A through 
3D, 4A through 4E and 5A through 5E may advantageously 
be applied to fabrication of integrated circuits and other 
semiconductor devices. Using these methods, features hav 
ing a minimum dimension of less than about 40 nm may be 
formed. 
[0049] Turning to the composition of cured polyimide 
resin layer 130B of FIGS. 1A through 1C, cured polyimide 
resin layer 150 of FIG. 2 and cured polyimide resin layer 205 



US 2007/0195682 A1 

of FIGS. 3A through 3C, FIGS. 4A and 4B and FIGS. 5A 
and 5B, there are three general formulations of uncured 
polyimide resins. It should be understood that for the pur 
poses of the present invention curing an oligomer implies 
cross-linking the oligomer to form a polymer or cross-linked 
polymer or resin. 
[0050] The polyimide medium or imaging layer of the 
embodiments of the present invention advantageously meets 
certain criteria. These criteria include high thermal stability 
to Withstand millions of Write and erase events, loW Wear 
properties (loW pickup of material by tips), loW abrasion 
(tips do not Wear out easily), loW viscosity for Writing, 
glassy character With little or no secondary relaxations for 
long data bit lifetime, and shape memory for erasability. 
[0051] Thermal and oxidative stability Was imparted to 
cured polyimide resins by incorporating a large aromatic 
content in the polymer backbone and by ladder type linkages 
such as imide functionalities. Cured polyimide resins 
according to embodiments of the present invention have 

high temperature stability While maintaining a loW glass 
transition temperature (Tg), Which is contrary to current 
teaching that high temperature stability results in a high T8 
and vice versa. In one example, cured polyimide resins 
according to embodiments of the present invention are 
thermally and oxidatively stable to at least 4000 C. 
[0052] Wear and erasability of the media Were improved 
by cross-linking the polyimide oligomers Without increasing 
the Tg Which Was unexpected. By placing the cross-linking 
sites at the chain ends, the molecular Weight of polyimide 
oligomers is prede?ned and therefore cross-linking Was 
found to have a lesser effect upon the glass transition 
temperature than is currently thought. The Width of the 
transition from the rubbery to glassy state of the cured 
polyimide resin Was found not to increase signi?cantly over 
that of the polyimide oligomer. The sharp and practically 
temperature-invariant transition from the glassy to rubbery 
state as seen in polyimide oligomers Was maintained in the 
cross-linked resin. Again, this is contrary to What is currently 
thought. The molecular Weights of the polyimide oligomers 
themselves are controlled by the ratio of anhydride, amine 
and reactive endgroup precursor used in the polyimide 
oligomer synthesis. 
[0053] Further control over the cross-link density Was 
achieved by adding controlled amounts of reactant diluents 
described infra that enhance cross-linking. These reactive 
diluents formed a high density of cross-links that enhanced 
the Wear properties of the polyimide medium Without greatly 
increasing the T8 or Width of the glass transition. 
[0054] The glass transition temperature Was adjusted for 
good Write performance. To optimiZe the e?iciency of the 
Write process there should be a sharp transition from the 
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glassy state to the rubbery state. A sharp transition alloWs the 
cured resin to How easily When a hot tip is brought into 
contact and quickly return to the glassy state once the hot tip 
is removed. HoWever, too high a T8 leads to high Write 
currents and damage to the probe tip assemblies described 
supra. Incorporation of ?exible aryl ether and thioether 
linkages resulted in polyimide resins of loWer than expected 
T8. In one example, cured polyimide resins of the embodi 
ments of the present invention have Tgs of less than about 
250° C., preferably betWeen about 120° C. and about 250° 
C., more preferably betWeen about 120° C. and 150° C. 

[0055] Long data bit lifetime of the polyimide resin 
medium Was obtained by the incorporation of hetero-atoms 
such as oxygen and sulfur in the polyimide resin backbone 
and varying the catenation of aromatic rings from para to 
meta linkages. 
[0056] A ?rst formulation of uncured polyimide resin 
comprises polyimide oligomers having the structure: 

(I) 

/ R” O O o 

/ R” 
N N 

N 

O R’ — , 

O O 
n 0 

wherein R' is selected from the group consisting of 

—o@o@o—’ 
(11) 

(III) 

—0 o—, 

(W) 

—s4©is— and 
\ / (V) 

s s 

Wherein R" is selected from the group consisting of 
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-continued 
(v11) 

O\@/O , 
(VIII) 

(1X) 

000000000; 
wherein n is an integer from about 5 to about 50. 
[0057] The endgroups, having the structure: 

(X1) 

0 

provide the cross-linking of the polyimide oligomers into a 
polyimide resin. The reactive endgroup is the phenylethynyl 
group of structure (XI). In one example, curing is performed 
at about 3000 C. to about 3500 C. In one example, polyimide 
oligomers according to the ?rst formulation (and of the 
second formulation described infra) advantageously have a 
molecular Weight of from about 4,000 Daltons to about 
15,000 Daltons. 
[0058] In a second formulation of uncured polyimide 
resin, one or more of the folloWing reactive diluents (includ 
ing combinations of different structures @(ID) is added to the 
?rst formulation: 

(x11) 
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Where R1, R2 and R3 are each independently selected from 
the group consisting of hydrogen, alkyl groups, aryl groups, 
cycloalkyl groups, alkoxy groups, aryloxy groups, alky 
lamino groups, arylamino groups, alkylarylamino groups, 
arylthio, alkylthio groups and 

(x111) 

[0059] 
XIII contain three substituted phenylethynyl groups. The 

It should be noted that reactive diluents XII and 

phenylethynyl groups of the polyimide oligomers and the 
phenylethynyl groups reactive diluents provide the cross 

linking of the polyimide oligomers into a polyimide resin. In 
one example, curing is performed at about 3000 C. to about 

3500 C. 

[0060] 
layer formed using the second formulation of the present 

In one example, a Tg of a cured polyimide resin 

invention With a reactive diluent is Within about 50° C. of a 

Tg of an otherWise identical cured polyimide resin layer 
formed Without the reactive diluent. 

[0061] 
polyimide resin With a reactive diluent according to embodi 

FIG. 6 is a diagram illustrating cross-linking of a 

ments of the present invention. In FIG. 6, a mixture of 

straight chain polyimide oligomer 250 of repeating units n 
and having tWo reactive endgroups 255 (Which represents 
structure (I)) and a reactive diluent 260 having three reactive 

functionalities 265 (representing structures (XII and XIII) is 
heat cured to produce a cross-linked polyimide resin 270. In 

resin 270, polyimide oligomers 250 are linked to each other 

through respective reactive endgroups; polyimide oligomers 
250 are linked to reactive diluents 260 through respective 

reactive endgroups and reactive diluents 260 and linked to 

each other through respective reactive endgroups. Although 
Tg is usually a function of molecular Weight and cross-link 

density, in this case it is largely independent of the percent 
age by Weight of reactive diluent in the polyimide oligomer/ 
reactive diluent mixture. 
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[0062] A third formulation of uncured polyimide resin 
comprises linear polyimide oligomers having the structure: 

Wherein E is 

(XV) 

Wherein each of A1, A2, A3 . . .ANis independently selected 
from the group consisting of: 

(XVI) 

O O 

—N N—R2— and 

R1 

O 

(XVII) 

O O 

—N N—R3—, 

R1 

O O 

wherein R1 is selected from the group consisting of 

(XIX) 

—o@o@o~ 
(P94) 

_0 O—> 

09(1) 

(XXII) 

\S 8/ 
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Wherein R2 is selected from the group consisting of 

(XXIII) 

(XXVI) 

0000000 0 
(XXVII) 

—< >—s—< >— ; 

Wherein R3 is 

(XVII) 

O 

Wherein N is an integer greater than or equal to 2; 

Wherein at least one ofAl, A2, A3 . . . AN is 

(XVI) 

o o 

—N N—R2—; and 

R1 

0 o 




























