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ABSTRACT 

Solution-processable dielectric materials are provided, along 
With precursor compositions and processes for preparing the 
same. Composites and electronic devices including the 
dielectric materials also are provided. 
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Figure 18 

Annotation: . 

l. Replaced Figure 18 with ones in black and white. 
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CROSSLINKED POLYMERIC DIELECTRIC 
MATERIALS AND METHODS OF 

MANUFACTURING AND USE THEREOF 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to and the bene?t of 
US. Provisional Patent Application Ser. No. 60/816,952, 
?led on Jun. 28, 2006, the disclosure of Which is incorporated 
by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] The United States government has certain rights to 
the invention(s) pursuant to Grant Nos. N000l4-02-l-0909 
(0650-300-F445), DMR-0076097 (MRC), and NCC2-l363 
from, respectively, the O?ice of Naval Research, the National 
Science Foundation, and the National Aeronautics and Space 
Administration, all to Northwestern University. 

BACKGROUND 

[0003] The development of polymeric dielectric materials 
has been fundamental for the progress of both traditional and 
organic electronic devices. In particular, emerging display 
and labeling technologies based on organic thin-?lm transis 
tors (OTFTs), such as electronic paper and radiofrequency 
identi?cation (RFID) cards, require fabrication of OTFTs on 
?exible plastic substrates over very large areas and via high 
throughput processes. Therefore, there has been considerable 
effort in developing neW materials for OTFT components 
(semiconductor, dielectric, and contacts) that can be depos 
ited via solution-processing methods such as spin-coating, 
casting, and printing. 
[0004] Many organic semiconductors are readily deposited 
from solution either directly or as molecular/polymeric 
soluble precursors Which are then converted into the insoluble 
form. Doped conjugated polymers and nanoparticle-based 
conductive inks alloW solution fabrication of suf?ciently loW 
resistivity lines for source/drain and gate contact applica 
tions. 

[0005] Although various polymers have been employed as 
dielectrics for OTFTs, tWo major limitations With current 
generation polymeric dielectric-based OTFTs exist. First, 
OTFTs function at relatively large operating voltages due to 
the intrinsically loW (compared to crystalline semiconduc 
tors) semiconductor charge carrier mobilities. Second, 
because very feW polymeric dielectric materials can perform 
optimally With a Wide range of both hole-transporting 
(p-type) and electron-transporting (n-type) organic semicon 
ductors, there has been limited complementary circuit appli 
cation. These problems are exacerbated When printed dielec 
tric/circuits are fabricated. 

[0006] In a typical organic ?eld effect transistor (OFET), 
the conductance of the source-drain channel region is modu 
lated by the source-gate electric ?eld (EG). When the device is 
in the off-state (EGIO), the channel conductance is very loW 
(typically>l0 Q). When the device is in the on-state (EG#0), 
a sharp increase in conductance is observed (<106 Q), and the 
output current How (in saturation) betWeen the source and the 
drain (I D5) is de?ned by: 
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Where W is the Width of the channel, L is the length of the 
channel, [1. is the semiconductor charge carrier mobility, Cl- is 
the dielectric capacitance per unit area, VG is the source-gate 
voltage, andVTis the threshold voltage. It can be seen that for 
a given device geometry and semiconductor, equivalent cur 
rent gains (I D5) can be achieved at loWer operating biases by 
increasing Ci. 
[0007] Because 

k (Eq. 2) 
Cr — 50 E , 

Where k is the dielectric constant, 60 is the vacuum permittiv 
ity, and d is the thickness of the dielectric material, Cl. is 
increased When k increases and/or d decreases. HoWever, k of 
most insulating polymers is loW (~3-6). Additionally, most 
insulating polymers need to be quite thick (usually ~l pm) to 
avoid considerable current leakage through the gate elec 
trode. 
[0008] To reduce current leakage for thinner ?lms, poly 
meric dielectrics such as crosslinked melamine/Cr6+ salts 
polyvinylphenol (PVP) and crosslinked benZocyclobutene 
(BCB) have been introduced. HoWever, these polymer ?lms 
require high annealing temperatures and C,- values are typi 
cally <<20 nF cm_2. 
[0009] Furthermore, the choice of dielectric material can 
affect [1, Which is an important device parameter. In particular, 
the gate dielectric permits the creation of the gate ?eld and the 
establishment of the tWo-dimensional channel charge sheet. 
Upon application of a source-drain bias, the accumulated 
charges move very close to the dielectric-semiconductor 
interface from the source electrode to the drain electrode. 
Therefore, the nature of the dielectric-semiconductor inter 
face, more particularly, the dielectric surface morphology 
prior to the deposition of the semiconductor material, can 
greatly affect hoW these charges move Within the semicon 
ductor, i.e., the carrier mobility. Moreover, the surface mor 
phology of the dielectric material and variations in its surface 
energies (e. g., surface treatment via self-assembled monolay 
ers) have been shoWn to modify the groWth, morphology, and 
microstructure of the vapor/solution-deposited semiconduc 
tor, each of these being a factor affecting p. and lonzlof, the 
latter being the drain-source current ratio betWeen the “on” 
and “off” states, another important device parameter. The 
properties of the dielectric material can also affect the density 
of state distribution for both amorphous and single-crystal 
semiconductors. 
[0010] It is also desirable to have dielectric materials that 
adhere Well to diverse substrates, i.e., the dielectric materials 
do not delaminate easily, to ensure device integrity under 
operating conditions, and to have dielectric materials that are 
hydrophobic such that device performance is not affected by 
humidity. 
[0011] Accordingly, there is a desire in the art forpolymeric 
dielectric materials that can exhibit relatively high capaci 
tance and loW current leakage, that can be prepared from 
commercially available polymer/molecular precursors via 
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solution processes at loW temperatures and atmospheric pres 
sures, that can be compatible With diverse gate materials and 
semiconductors, that can adhere Well to various substrates, 
and that can be resistant to the absorption of ambient mois 
ture. 

SUMMARY 

[0012] In light of the foregoing, the present teachings pro 
vide dielectric materials and related precursor compositions 
and/or associated devices that address various de?ciencies 
and shortcomings of the prior art, including some of those 
outlined above. 
[0013] In one aspect, the present teachings provide a pre 
cursor composition that includes in solution at least one of (i) 
a polymeric component and a crosslinker component, and (ii) 
a polymeric crosslinker that includes a pendant group having 
a thermally curable crosslinking moiety. The composition is 
adapted to form a dielectric material after crosslinking (e.g., 
by thermally curing) the precursor composition. The 
crosslinker component can include a thermally curable 
crosslinker having the formula: 

and the polymeric crosslinker can include a thermally curable 
crosslinking moiety having the formula: 

Wherein Q, X, Y, Z, and m are as de?ned herein. 
[0014] For example, thermally curable crosslinkers of the 
present teachings can include [CH3C(O)O]3Sii(CH2)3i 
O*(CHZ)2AD(CH2)3*Si[CH3C(O)O]3, C13SHCHQF 
OimHgzwimHzxisicly (CH3O)3SF<CH2)2 
Pheny1'(CH2)2*Si(OCH3)3> C13Si*(CH2)2*(CF2)2* 
(CH2)2*SiC13> and [CH3C(O)O]3Si*(CH2)2(CF2)2(CH2) 
2iSi[CH3C(O)O]3. 
[0015] An exemplary polymeric crosslinker having a ther 
mally curable crosslinking moiety according to the present 
teachings can have the formula: 

Wherein R6, R7, R8, Q, X, Y, and m are as de?ned herein. 
[0016] In certain embodiments, the precursor composition 
can further include at least one of (iii) a crosslinker compo 
nent comprising a photochemically curable crosslinker and 
(iv) a photochemically curable polymeric crosslinker. Such 
photochemically curable crosslinkers typically include an 
alkenyl group (i.e., one or more double bonds), for example, 
an allyl group, a phenylethenyl group, or a cinnamoyl group. 
[0017] In some embodiments, the polymeric component of 
the composition can include a polymer selected from a poly 
alkylene, a substituted polyalkylene, a siloxane polymer and 
a copolymer thereof. Examples of polyalkylenes and substi 
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tuted polyalkylenes include, but are not limited to, polyeth 
ylenes, polypropylenes, polyvinylalcohols, polystyrenes, 
ring-functionaliZed derivatives of polystyrenes (e.g. polyvi 
nylphenol (PVP)), and polyacrylates (e.g., polymethyl 
methacrylates (PMMA)). 
[0018] At least one of the polymeric component and the 
crosslinker component typically is dissolved in an anhydrous 
solvent. The anhydrous solvent can be selected from ethyl 
acetate, dioxane, bis(2-methoxyethyl) ether (diglyme), tet 
rahydrofuran, toluene, xylene, various alcohols including 
methanol and ethanol, and various ketones including acetone, 
cyclopentanone (CP), methylethylketone, and the like. 
[0019] In some embodiments, the precursor composition 
can further include a metal oxide component, for example, to 
increase the dielectric constant (k) of a dielectric formed from 
the composition. The metal oxide component can be in par 
ticulate form and can be blended, mixed and/or incorporated 
in the composition. The metal oxide component can include a 
metal component selected from a Group I metal, a Group II 
metal, a Group III metal, a Group IV metal, a transition metal, 
and combinations thereof. 

[0020] In another aspect, the present teachings provide 
dielectric materials that include a crosslinked polymeric 
material that is a thermally cured product and/or a photo 
chemically cured product of any of the precursor composi 
tions described above. Also embraced With the scope of the 
present teachings are various compositions, composites (e. g., 
structures) and articles of manufacture (e.g., electronic 
devices) that incorporate the dielectric materials disclosed 
herein. Examples of electronic devices that can incorporate 
one or more dielectric materials of the present teachings 
include, but are not limited to, organic thin ?lm transistors 
(OTFTs) (e.g., organic ?eld effect transistors (OFETs)) and 
capacitors. In addition to a dielectric component, these 
devices can include, for example, a substrate component, a 
semiconductor component, and/ or one or more metallic con 

tact components. 

[0021] In a further aspect, the present teachings provide 
various methods for preparing a dielectric material. The 
methods can include applying a precursor composition of the 
present teachings onto a substrate, and thermally curing the 
precursor composition (i.e., the coated substrate) to provide a 
dielectric material. The applying step can be performed by, 
for example, spin-coating, printing, spraying, or casting. In 
some embodiments, the curing step can include heating at a 
temperature Within a range of about 70° C. to about 150° C. in 
a high humidity atmosphere. In embodiments in Which the 
precursor composition includes a photochemically curable 
crosslinker, the curing step can include exposing the precur 
sor composition (i.e., the coated substrate) to ultraviolet light, 
e.g., by irradiation at a Wavelength of about 245 nm. For a 
dielectric precursor composition that includes both a ther 
mally curable crosslinker and a photochemically curable 
crosslinker, the curing step can include ?rst heating at a 
temperature Within a range of about 70° C. and about 150° C. 
in a high humidity atmosphere, folloWed by irradiation With a 
Wavelength of about 245 nm, or vice versa. In some embodi 
ments, the crosslinking reaction can be achieved by electron 
beam irradiation. 

[0022] The foregoing as Well as other features and advan 
tages of the present teachings, Will be more fully understood 
from the folloWing ?gures, description, and claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] It should be understood that the drawings described 
below are for illustration purposes only and are not necessar 
ily to scale. The drawings are not intended to limit the scope 
of the present teachings in any Way. 
[0024] FIG. 1 is a schematic representation of different 
crosslinking strategies that can be employed using dielectric 
precursor compositions of the present teachings. 
[0025] FIG. 2 is a schematic representation of a crosslink 
ing-patterning process, illustrating in order: depositing a 
dielectric precursor composition onto a substrate, photo 
chemically curing the coated substrate, Washing the dielec 
tric/ substrate composite, and heating the dielectric material to 
induce further crosslinking/patterning. 
[0026] FIG. 3 shoWs representative leakage current plots 
for several embodiments of dielectric ?lms of the present 
teachings. Speci?cally, the ?lms have a thickness betWeen 
about 40 nm and 50 nm and Were fabricated on doped silicon 
(Si) substrates using the polymer-crosslinker ratios listed in 
Table l. 

[0027] FIG. 4 shoWs representative leakage current plots 
for the same embodiments of dielectric ?lms as FIG. 3, except 
that they Were fabricated on aluminium-polyethylene naph 
thalate (Al-PEN) and indium tin oxide (ITO)-glass substrates. 
[0028] FIG. 5 shoWs current-voltage (I-V) plots for several 
embodiments of dielectric ?lms of the present teachings fab 
ricated in capacitor structures. 
[0029] FIG. 6 shoWs the transfer plots of several embodi 
ments of OFETs of the present teachings (the present dielec 
tric material on a silicon substrate (CPB-Si) and the present 
dielectric material on an aluminum substrate (CPB -Al)) and a 
comparative OFET having SiO2 as the dielectric material. 
[0030] FIG. 7 shoWs leakage current density vs voltage 
(J-V) plots (A) and leakage current density vs electric ?eld 
(J-E) plots for thin dielectric ?lms according to the present 
teachings prepared from precursor compositions including 
PVP and one of the folloWing crosslinkers: C6Cl, C6OAc, 
EGOAc, and C6NMe2. 
[0031] FIG. 8 shoWs the transfer plots of several embodi 
ments of OFETs of the present teachings. The OFETs Were 
fabricated With an ultra-thin dielectric ?lm prepared from a 
precursor composition that includes PVP and one of the fol 
loWing crosslinkers: C6Cl, C6OAc, EGOAc, and C6NMe2, 
and either a pentacene semiconductor layer (A) or a DFHCO 
4T semiconductor layer (B). 
[0032] FIG. 9 is a plot of leakage current density versus 
applied bias for tWo embodiments of dielectric precursor 
compositions of the present teachings. 
[0033] FIG. 10 shoWs a transfer plot (A) and an output plot 
(B) for a pentacene-OFET that includes a dielectric material 
of the present teachings. 
[0034] FIG. 11 shoWs output plots for an OFET including a 
dielectric layer of the present teachings and an organic semi 
conductor layer prepared With N,N'-bis(n-octyl)-(l,7 and 
l,6)-dicyanoperylene-3 ,4 : 9, l 0-bis(dicarboximide) (PDI 
8CN2) (A), and an OFET including a dielectric layer of the 
present teachings and an organic semiconductor layer pre 
pared With bis(n-hexylphenyl)dithiophene (DH-PTTP) (B). 
[0035] FIG. 12 shoWs Wide angle x-ray diffraction 
(WAXRD) spectra of composites including a 50 nm-thick 
semiconductor ?lm (pentancene, PDI-8CN2, and DH-6T) 
vapor-deposited on a dielectric ?lm of the present teachings. 
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[0036] FIG. 13 provides the transfer plots of tWo pentacene 
OFETs including gate dielectrics of the present teachings. 

DETAILED DESCRIPTION 

[0037] The present teachings relate to dielectric materials 
and precursor compositions for preparing the same, as Well as 
to electronic devices that include such dielectric materials. 
[0038] The present teachings provide crosslinked poly 
meric dielectric materials that can exhibit good insulatin 
properties (e.g., With leakage currents in the order of ~10’ - 
10'7 A/cm2) and can be fabricated using loW-temperature 
solution processes (e. g., spin-coating and printing). Solution 
processed thin ?lms (<300 nm) of the present dielectric mate 
rials can exhibit high mechanical ?exibility and have very 
smooth surfaces. The dielectric materials disclosed herein 
Were found to adhere Well to different substrates (e.g., gate 
materials such as doped silicon, aluminum, and indium tin 
oxide) and can be compatible With a Wide range of p-type and 
n-type organic and inorganic semiconductors, making them 
attractive materials for fabricating various organic electronic 
devices. For example, organic thin ?lm transistors (OTFTs) 
incorporating dielectric materials of the present teachings can 
operate at loW biases, hence minimiZing poWer consumption, 
particularly When the dielectric materials of the present teach 
ings are in the form of ultra-thin ?lms (<about 50 nm), Which 
can exhibit capacitance as high as ~300 nF cm_2. 
[0039] More speci?cally, the present teachings provide 
dielectric materials that include crosslinked polymeric matri 
ces in Which polymeric chains can be either covalently 
crosslinked by one or more thermally curable and/or photo 
chemically curable crosslinkers, or embedded Within or oth 
erWise incorporated (e.g., mixed or blended) in a crosslinked 
matrix formed by the thermally curable and/ or photochemi 
cally curable crosslinkers. These crosslinked polymeric 
matrices can be structurally robust and can exhibit good insu 
lating properties. The present teachings also provide precur 
sor compositions that can enable high-throughput fabrication 
(e.g., via fast and quantitative reactions under mild condi 
tions) of such dielectric materials. 
[0040] Throughout the description, Where compositions 
are described as having, including, or comprising speci?c 
components, or Where processes are described as having, 
including, or comprising speci?c process steps, it is contem 
plated that compositions of the present teachings also consist 
essentially of, or consist of, the recited components, and that 
the processes of the present teachings also consist essentially 
of, or consist of, the recited processing steps. 
[0041] In the application, Where an element or component 
is said to be included in and/or selected from a list of recited 
elements or components, it should be understood that the 
element or component can be any one of the recited elements 
or components and can be selected from a group consisting of 
tWo or more of the recited elements or components. Further, 
it should be understood that elements and/or features of a 
composition, an apparatus, or a method described herein can 
be combined in a variety of Ways Without departing from the 
spirit and scope of the present teachings, Whether explicit or 
implicit herein. 
[0042] The use of the terms “include,” “includes”, “includ 
ing,” “have,” “has,” or “having” should be generally under 
stood as open-ended and non-limiting unless speci?cally 
stated otherWise. 
[0043] The use of the singular herein includes the plural 
(and vice versa) unless speci?cally stated otherWise. In addi 
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tion, Where the use of the term “about” is before a quantitative 
value, the present teachings also include the speci?c quanti 
tative value itself, unless speci?cally stated otherWise. 
[0044] It should be understood that the order of steps or 
order for performing certain actions is immaterial so long as 
the present teachings remain operable. Moreover, tWo or 
more steps or actions may be conducted simultaneously. 
[0045] As used herein, “polymer” or “polymeric com 
pound” refers to a molecule including at least three or more 
repeating units connected by covalent chemical bonds. The 
polymer or polymeric compound can have only one type of 
repeating unit as Well as tWo or more types of different repeat 
ing units. In the latter case, the term “copolymer” or “copoly 
meric compoun ” can be used herein instead, especially 
When the polymer includes chemically signi?cantly different 
repeating units. Unless speci?ed otherWise, the assembly of 
the repeating units in the copolymer can be head-to -tail, head 
to-head, or tail-to-tail. In addition, unless speci?ed otherWise, 
the copolymer can be a random copolymer, an alternating 
copolymer, or a block copolymer. The polymer can include 
one or more pendant groups. As used herein, a “pendant 
group” refers to a moiety that is substituted on the backbone 
of a polymer. 
[0046] As used herein, “solution-processable” refers to 
compounds, materials, or compositions that can be used in 
various solution-phase processes including spin-coating, 
printing (e.g., inkjet printing), spray coating, electrospray 
coating, drop casting, dip coating, and blade coating. 
[0047] As used herein, “halo” or “halogen” refers to ?uoro, 
chloro, bromo, and iodo. 
[0048] As used herein, “alkoxy” refers to iO-alkyl group. 
Examples of alkoxy groups include, but are not limited to, 
methoxy, ethoxy, propoxy (e.g., n-propoxy and isopropoxy), 
t-butoxy groups, and the like. 
[0049] As used herein, “alkyl” refers to a straight-chain or 
branched saturated hydrocarbon group. Examples of alkyl 
groups include methyl (Me), ethyl (Et), propyl (e. g., n-propyl 
and isopropyl), butyl (e.g., n-butyl, isobutyl, s-butyl, t-butyl), 
pentyl groups (e.g., n-pentyl, isopentyl, neopentyl), and the 
like. A loWer alkyl group typically has up to 4 carbon atoms. 
Examples of loWer alkyl groups include methyl, ethyl, propyl 
(e. g., n-propyl and isopropyl), and butyl groups (e. g., n-butyl, 
isobutyl, s-butyl, t-butyl). 
[0050] As used herein, “haloalkyl” refers to an alkyl group 
having one or more halogen substituents. Examples of 
haloalkyl groups include CF3, C2135, CHF2, CHZF, CCl3, 
CHCl2, CH2Cl, C2Cl5, and the like. Perhaloalkyl groups, i.e., 
alkyl groups Wherein all of the hydrogen atoms are replaced 
With halogen atoms (e.g., CF3 and C2135), are included Within 
the de?nition of “haloalkyl.” For example, a Cl_2O haloalkyl 
group can have the formula 4CaX2a+li or 4CaH2a+l_ 
bXbi, Wherein X is F, Cl, Br, or I, a is an integer in the range 
of l to 20, and b is an integer in the range of 0 to 40, provided 
that b§2a+1. 
[0051] As used herein, “arylalkyl” refers to an -alkyl-aryl 
group, Wherein the arylalkyl group is covalently linked to the 
de?ned chemical structure via the alkyl group. An arylalkyl 
group is Within the de?nition of an -L-C6_l4 aryl group, 
Wherein L is as de?ned herein. An example of an arylalkyl 
group is a benZyl group (iCH2iC6H5). An arylalkyl group 
can be optionally substituted, i.e., the aryl group and/or the 
alkyl group can be substituted as disclosed herein. 

[0052] As used herein, “alkenyl” refers to a straight-chain 
or branched alkyl group having one or more carbon-carbon 
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double bonds. Examples of alkenyl groups include, but are 
not limited to, ethenyl, propenyl, butenyl, pentenyl, hexenyl, 
butadienyl, pentadienyl, hexadienyl groups, and the like. The 
one or more carbon-carbon double bonds can be internal 

(such as in 2-butene) or terminal (such as in l-butene). 
[0053] As used herein, “cycloalkyl” refers to a non-aro 
matic carbocyclic group including cycliZed alkyl, alkenyl, 
and alkynyl groups. A cycloalkyl group can be monocyclic 
(e.g., cyclohexyl) or polycyclic (e.g., containing fused, 
bridged, and/ or spiro ring systems), Wherein the carbon atoms 
are located inside or outside of the ring system. Any suitable 
ring position of the cycloalkyl group can be covalently linked 
to the de?ned chemical structure. Examples of cycloalkyl 
groups include, but are not limited to, cyclopropyl, cyclopro 
pylmethyl, cyclobutyl, cyclopentyl, cyclohexyl, cyclohexyl 
methyl, cyclohexylethyl, cycloheptyl, cyclopentenyl, cyclo 
hexenyl, cyclohexadienyl, cycloheptatrienyl, norbornyl, 
norpinyl, norcaryl, adamantyl, and spiro[4.5]decanyl groups, 
as Well as their homologs, isomers, and the like. In some 
embodiments, cycloalkyl groups can be substituted as dis 
closed herein. 

[0054] As used herein, “heteroatom” refers to an atom of 
any element other than carbon or hydrogen and includes, for 
example, nitrogen, oxygen, sulfur, phosphorus, and sele 
nium. 

[0055] As used herein, “cycloheteroalkyl” refers to a non 
aromatic cycloalkyl group that contains at least one ring 
heteroatom selected from O, N and S, and optionally contains 
one or more double or triple bonds. One or more N or S atoms 

in a cycloheteroalkyl ring may be oxidiZed (e. g., morpholine 
N-oxide, thiomorpholine S-oxide, thiomorpholine S,S-diox 
ide). In some embodiments, nitrogen atoms of cyclohet 
eroalkyl groups can bear a substituent, for example, a hydro 
gen atom, an alkyl group, or other substituents as described 
herein. Cycloheteroalkyl groups can also contain one or more 
oxo groups, such as piperidone, oxaZolidinone, pyrimidine 
2,4(lH,3H)-dione, pyridin-2(lH)-one, and the like. 
Examples of cycloheteroalkyl groups include, among others, 
morpholine, thiomorpholine, pyran, imidaZolidine, imidaZo 
line, oxaZolidine, pyraZolidine, pyraZoline, pyrrolidine, pyr 
roline, tetrahydrofuran, tetrahydrothiophene, piperidine, pip 
eraZine, and the like. In some embodiments, cycloheteroalkyl 
groups can be substituted as disclosed herein. 

[0056] As used herein, “aryl” refers to an aromatic mono 
cyclic hydrocarbon ring system or a polycyclic ring system in 
Which tWo or more aromatic hydrocarbon rings are fused (i.e., 
having a bond in common With) together or at least one 
aromatic monocyclic hydrocarbon ring is fused to one or 
more cycloalkyl and/or cycloheteroalkyl rings. An aryl group 
can have from 6 to 14 carbon atoms in its ring system, Which 
can include multiple fused rings. In some embodiments, a 
polycyclic aryl group can have from 8 to 14 carbon atoms. 
Any suitable ring position of the aryl group can be covalently 
linked to the de?ned chemical structure. Examples of aryl 
groups having only aromatic carbocyclic ring(s) include, but 
are not limited to, phenyl, l-naphthyl (bicyclic), 2-naphthyl 
(bicyclic), anthracenyl (tricyclic), phenanthrenyl (tricyclic) 
and like groups. Examples of polycyclic ring systems in 
Which at least one aromatic carbocyclic ring is fused to one or 
more cycloalkyl and/or cycloheteroalkyl rings include, 
among others, benZo derivatives of cyclopentane (i.e., an 
indanyl group, Which is a 5,6-bicyclic cycloalkyl/aromatic 
ring system), cyclohexane (i.e., a tetrahydronaphthyl group, 
Which is a 6,6-bicyclic cycloalkyl/aromatic ring system), imi 
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daZoline (i.e., a benZimidaZolinyl group, Which is a 5,6-bicy 
clic cycloheteroalkyl/aromatic ring system), and pyran (i.e., a 
chromenyl group, Which is a 6,6-bicyclic cycloheteroalkyl/ 
aromatic ring system). Other examples of aryl groups 
include, but are not limited to, benZodioxanyl, benZodioxolyl, 
chromanyl, indolinyl groups, and the like. In some embodi 
ments, aryl groups can be substituted as disclosed herein. 

[0057] As used herein, “heteroaryl” refers to an aromatic 
monocyclic ring system containing at least 1 ring heteroatom 
selected from oxygen (0), nitrogen (N) and sulfur (S) or a 
polycyclic ring system Where at least one of the rings present 
in the ring system is aromatic and contains at least 1 ring 
heteroatom. Polycyclic heteroaryl groups include tWo or 
more heteroaryl rings fused together and monocyclic het 
eroaryl rings fused to one or more aromatic carbocyclic rings, 
non-aromatic carbocyclic rings, and/or non-aromatic cyclo 
heteroalkyl rings. A heteroaryl group, as a Whole, can have, 
for example, from 5 to 14 ring atoms and contain 1-5 ring 
heteroatoms. The heteroaryl group can be attached to the 
de?ned chemical structure at any heteroatom or carbon atom 
that results in a stable structure. Generally, heteroaryl rings do 
not contain OiO, sis, or SiO bonds. However, one or 
more N or S atoms in a heteroaryl group can be oxidiZed (e.g., 
pyridine N-oxide, thiophene S-oxide, thiophene S,S-diox 
ide). Examples of heteroaryl groups include, for example, the 
5-membered monocyclic and 5-6 bicyclic ring systems 
shoWn beloW: 

coco 
/N \N /N N\ /N \ QQ QIQQQ 
/ / N / 

/ / N 

Where T is O, S, NH, N-alkyl, N-aryl, or N-(arylalkyl) (e.g., 
N-benZyl). Examples of such heteroaryl rings include, but are 
not limited to, pyrrole, furan, thiophene, pyridine, pyrimi 
dine, pyridaZine, pyraZine, triaZole, tetraZole, pyraZole, imi 
daZole, isothiaZole, thiaZole, thiadiaZole, isoxaZole, oxaZole, 
oxadiaZole, indole, isoindole, benZofuran, benZothiophene, 
quinoline, 2-methylquinoline, isoquinoline, quinoxaline, 
quinaZoline, benZotriaZole, benZimidaZole, benZothiaZole, 
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benZisothiaZole, benZisoxaZole, benZoxadiaZole, benZox 
aZole, cinnoline, lH-indaZole, 2H-indaZole, indoliZine, 
isobenZofuran, naphthyridine, phthalaZine, pteridine, purine, 
oxaZolopyridine, thiaZolopyridine, imidaZopyridine, furopy 
ridine, thienopyridine, pyridopyrimidine, pyridopyraZine, 
pyridopyridaZine, thienothiaZole, thienoxaZole, and 
thienoimidaZole. Further examples of heteroaryl groups 
include, but are not limited to, 4,5,6,7-tetrahydroindole, tet 
rahydroquinoline, benZothienopyridine, benZofuropyridine, 
and the like. In some embodiments, heteroaryl groups can be 
substituted as disclosed herein. 

[0058] At various places in the present speci?cation, sub 
stituents of compounds are disclosed in groups or in ranges. It 
is speci?cally intended that the description include each and 
every individual subcombination of the members of such 
groups and ranges. For example, the term “C1_6 alkyl” is 
speci?cally intended to individually disclose C1, C2, C3, C4, 
C5’ C6’ Cl'C6s Cl'C5> Cl'C4> Cl'C3s Cl'C2> C2'C6> C2-C5: 
C2-C4, C2-C3, C3-C6, C3-C5, C3-C4, C4-C6, C4-C5, and C5-C6 
alkyl. By Way of other examples, an integer in the range of 0 
to 40 is speci?cally intended to individually disclose 0, l, 2, 3, 
4, 5, 6, 7, 8, 9, l0, l1, l2, l3, l4, l5, l6, l7, l8, l9, 20,21,22, 
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 
and 40, and an integer in the range of l to 20 is speci?cally 
intended to individually disclose l, 2, 3, 4, 5, 6, 7, 8, 9, 10, ll, 
l2, l3, l4, l5, l6, l7, l8, l9, and 20. Additional examples 
include that the phrase “optionally substituted With l-5 sub 
stituents” is speci?cally intended to individually disclose a 
chemical group that can include 0, l, 2, 3, 4, 5, 0-5, 0-4, 0-3, 
0-2, 0-1, l-5, l-4, l-3, l-2, 2-5, 2-4, 2-3, 3-5, 3-4, and 4-5 
substituents. 

[0059] Throughout the speci?cation, structures may or may 
not be presented With chemical names. Where any question 
arises as to nomenclature, the structure prevails. 

[0060] The present teachings provide precursor composi 
tions including one or more polymers (i.e., a polymeric com 
ponent) and one or more crosslinking moieties or crosslinkers 
(i.e., a crosslinker component) Which, upon crosslinking 
(e.g., by thermally curing or photochemically curing), can 
provide crosslinked polymeric materials that are suitable for 
use as dielectric materials. In some embodiments, the precur 
sor composition can include the polymeric component and 
the crosslinker component as separate chemical moieties. For 
example, the crosslinker component can include one or more 
crosslinkers that are small molecule compounds having one 
or more crosslinking groups. In other embodiments, the poly 
meric component and the crosslinker component can be 
chemically combined in the form of a polymeric crosslinker, 
speci?cally, a polymer having one or more pendant crosslink 
ing groups on its backbone. The precursor composition can 
include one or more solvents in Which at least one of the 

polymeric component and the crosslinker component is sub 
stantially soluble. 
[0061] In some embodiments, the crosslinker component 
of the precursor composition can include thermally curable 
crosslinkers that include tWo or more silyl groups. These silyl 
groups can include one or more (e.g., one, tWo, or three) 
hydrolyZable moieties such as halo groups, amino groups, 
alkoxy groups, and carboxylate groups that can react With OH 
groups and induce crosslinking. For example, the thermally 
curable crosslinkers can have the formula: 
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and (ii) a polymeric crosslinker comprising a pendant group, 
the pendant group comprising a thermally curable crosslink 
ing moiety having the formula: 

-Q-$i(Y)m(X)3.m, 

[0062] Wherein: 
[0063] m, at each occurrence, is independently selected 
from 0, l, and 2; 

[0064] X, at each occurrence, is independently selected 
from a halogen, iNRlR2, iOR3, and iOC(O)R3 ; 

[0065] Y, at each occurrence, is independently selected 
from H, a C1_6 alkyl group, and a C1_6 haloalkyl group; 

[0066] Z is Q-W-Q; and 
[0067] Q, at each occurrence, is independently selected 
from -L-, ADi, Alb, -L 0*, iNR‘li, iNR4 
L-, -L-NR4i, and a covalent bond; 
[0068] Wherein: 
[0069] 

[0070] L, at each occurrence, is independently a divalent 
CH‘0 alkyl group or a divalent Cl:1O haloalkyl group, each of 
Wh1ch1s opt1onally subst1tuted W1th 1-4 R4 groups; 

[0071] W is selected from iSiXXi, iSiXYi, 
iSiYYi, iSiXXADi, iOiSiXXi, 
iSiXYADi, iOiSiXYi, iSiYYADi, 
ioisiYYi, *O*{[(CR42)t*O]p*[(CR52)t* 
O]q}i, a divalent C6_l4 aryl group, a divalent 5-14 
membered heteroaryl group, and a covalent bond, 
Wherein each of the divalent C6_l4 aryl group and the 
divalent 5-l4 membered heteroaryl group is option 
ally substituted With l-4 R4 groups; 

[0072] R1 and R2 are independently selected from H, a 
C1_6 alkyl group, a C6_l4 aryl group, a 5-14 membered 
heteroaryl group, a ‘CL6 alkyl-C6_ l4 aryl group, and 
a ‘CL6 alkyl-5-l4 membered heteroaryl group; 

[0073] R3 is selected from H, a C1_6 alkyl group, a C1_6 
haloalkyl group, a C2_6 alkenyl group, a C2_6 alkynyl 
group, a C6_ 1 4 aryl group, a 5 - l 4 membered heteroaryl 

group, a ‘CL6 alkyl-C6_l4 aryl group, and a ‘CL6 
alkyl-5-l4 membered heteroaryl group; 

[0074] R4 and R5, at each occurrence, are indepen 
dently selected from H, a halogen, a C1_6 alkyl group, 
a C1_6 haloalkyl group, a C6_l4 aryl group, a 5-14 
membered heteroaryl group, a ‘CL6 alkyl-C6_ l4 aryl 
group, a iCL6 alkyl-5-l4 membered heteroaryl 
group, and -Q-$i(Y)mO<)3.m; 

[0075] t, at each occurrence, is independently l, 2, 3, 
4, 5 or 6; 

[0076] p is 0, l, 2, 3, 4, 5, 6, 7, 8, 9, 10, ll, l2, l3, 14, 
15,16, l7, 18 or 19; and 

[0077] qis l, 2, 3, 4, 5, 6, 7, 8, 9, 10, ll, l2, l3, l4, l5, 
l6, l7, l8, 19 or 20, provided that p+q§20. 

[0078] In certain embodiments, X, at each occurrence, can 
be independently selected from C1, OCH3, OCH2CH3, 
iN(CH3)2i, iN(CH2CH3)2i, iOC(O)CH3, and ADC 
(O)CH2CH3; andY, at each occurrence, can be independently 
selected from H, CF 3, a methyl group, and an ethyl group. For 
example, the thermally curable crosslinkers can be 0t,u)-bis 
functionaliZed With SiX3 groups, Wherein X is selected from 
C1, OCH3, OCH2CH3, iN(CH3)2i, iN(CH2CH3)2i, 
iOC(O)CH3, and A)C(O)CH2CH3. 
[0079] It should be understood that the linker Z, as de?ned 
above, can exclude certain combinations of Q-W-Q. For 
example, it should be understood that Z cannot be 40*, a 
divalent C L20 alkyl group, or a covalent bond. 
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[0080] In some embodiments, Z can be a divalent linker that 
can be symmetrical or asymmetrical. In certain embodiments, 
Q, at each occurrence, can be independently selected from 
40*, a divalent Cl_1O alkyl group (e.g., i(CH2)ti), a 
divalent C 1_ 1O haloalkyl group (e.g., i(CF2)ti), and a cova 
lent bond; and W can be selected from 4Oi[(CR42)tiO] 
,r?cRixiolr (e-g, *O*[(CH2)2%)L* and 
4Oi[(CF2)24O] ti), a divalent phenyl group, and a cova 
lent bond, Wherein R4 and R5 can be independently H or F, and 
p, q, and t are as de?ned herein. In particular embodiments, Z 
can be an alkylene glycol linker. For example, Z can be 
Q-W-Q, Wherein Q, at each occurrence, is independently a 
divalent C l_6 alkyl group or a covalent bond, andW is iOi{ 
[(CH2)3iO]Pi[(CH2)24O]q}i, Wherein p is 0, l, 2, 3, 4, 
5 or6, andqis l, 2, 3, 4, 5 or6. 
[0081] Crosslinkers according to the formula given above 
include, but are not limited to, 

F F 

SiCl3, and 
ClgSi 

F F 
F F 

F F 

[0082] In certain embodiments, Z can include one or more 
-Q-Si(Y)mQ()3_m substituents to provide additional groups 
for crosslinking. For example, Z can be Q-W-Q, Wherein Q, at 
each occurrence, can be independently a divalent Cl_1O alkyl 
group or a divalent Cl_1O haloalkyl group, and W can be 

selected from 4Oi[(CR42)tiO]Pi[(CR5 2)t4O] (If and a 
divalent phenyl group, Wherein the divalent C 1 _1 0 alkyl group, 
the divalent C1_ 10 haloalkyl group, and the divalent phenyl 
group can be substituted With l-4 -Q-Si(Y)m(X)3_m groups 
(thereby creating a higher order valency group, e. g., a triva 
lent or tetravalent phenyl group), R4 and R5 can be indepen 
dently H, F, or -Q-Si(Y)m(X)3_m, and Q, X,Y, m, p, q, and t are 
as de?ned herein. A non-limiting example of these embodi 
ments is a crosslinker having the formula: 

[0083] As aforementioned, the precursor composition can 
include a polymeric crosslinker, i.e., a polymer having one or 
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more crosslinking pendant groups. For example, the pendant 
group can include a thermally curable crosslinking moiety 
having the formula: 

Wherein Q, X, Y, and m are as de?ned herein. In certain 
embodiments, the thermally curable polymeric crosslinker 
can have the formula: 

Wherein: 
[0084] R6, at each occurrence, is independently H, a 

halogen, or a C1_6 alkyl group; 
[0085] R7 is selected from H, OH, a halogen, C(O)Oi 

R3, a C1_6 alkyl group, a C1_6 haloalkyl group, a C6_l4 
aryl group, a 5-14 membered heteroaryl group, a 3-14 
membered cycloheteroalkyl group, a ‘CL6 alkyl-C6_ l4 
aryl group, a iCL6 alkyl-5-14 membered heteroaryl 
group, and a ‘CL6 alkyl-3-14 membered cyclohet 
eroalkyl group, Wherein each of the C6_l4 aryl groups, 
the 5-14 membered heteroaryl groups, and the 3-14 
membered cycloheteroalkyl groups is optionally substi 
tuted With 1-5 substituents independently selected from 
a halogen, an oxo group, OH, CN, NO2, C(O)O4Cl_6 
alkyl, a C1_6 alkyl group, a C1_6 alkoxy group, and a C1_6 
haloalkyl group; 

[0086] R8 is selected from iOi, iC(O)Oi, a diva 
lent C l_6 alkyl group, and a divalent phenyl group; 

[0087] x and y are independently a real number, Wherein 
0<x<1, 0<y<1, and x+y:1; and 

[0088] Q, X, Y and m are as de?ned herein. 
[0089] In some embodiments of the polymeric crosslinker 
having the formula described above, R6, at each occurrence, 
can be H or a methyl group; R7 can be selected from H, OH, 
a methyl group, C(O)O4Cl_6 alkyl, and a phenyl group 
optionally substituted With OH or 4O4Cl_6 alkyl; R8 can be 
selected from iOi, iC(O)Oi, a divalent Cl_4 alkyl 
group, and a divalent phenyl group; and Q can be selected 
from -L-, iO-L-, and a covalent bond, Wherein L is as 
de?ned herein. A non-limiting example of such a thermally 
curable polymeric crosslinker is 

(AcO)3Si 
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Wherein Ac is an acetyl group (i.e., CH3C(O)i), and x and y 
are as de?ned herein. 

[0090] Without Wishing to be bound to any particular 
theory, crosslinking reactions With these thermally curable 
crosslinkers typically rely on the fast and quantitative cou 
pling reactions of the functional groups (e.g., the one or more 
halo groups, alkoxy groups, amino groups, and carboxylate 
groups) on the silicon With Water and/ or the hydroxyl group 
(s) of a OH-functionaliZed molecule or polymer to produce a 
robust siloxane network. 

[0091] To enable ef?cient patterning and enhance the 
robustness of the polymeric netWork even further, one or 
more photochemically curable crosslinkers can be utiliZed 
alone or in conjunction With one or more thermally curable 
crosslinkers. Such photochemically curable crosslinkers are 
Well knoWn in the art and typically include an alkenyl group 
(i.e., one or more double bonds), for example, an allyl group, 
a phenylethenyl group, or a cinnamoyl group. 

[0092] In some embodiments, these photochemically cur 
able crosslinkers are polymers that include one or more pho 
tochemically curable crosslinking groups. For example, a 
photochemically curable polymeric crosslinker can have the 
formula: 

Wherein R6, R7, R8, O, x and y are as de?ned herein. 
[0093] Without Wishing to be bound to any particular 
theory, the crosslinking chemistry involving these photo 
chemically curable crosslinkers can consist of a 2+2 photo 
stimulated cycloaddition that provides stable cyclobutane 
moieties. The crosslinking chemistry can also involve free 
radical additions. 

[0094] The polymeric component of the precursor compo 
sitions described above can include various electrically non 
conducting polymers, including those that have been used as 
dielectric materials. Examples include, but are not limited to, 
polyalkylenes, substituted polyalkylenes, siloxane polymers, 
and copolymers of polyalkylenes, substituted polyalkylenes, 
and/or siloxane polymers. 
[0095] More speci?cally, polyalkylenes and substituted 
polyalkylenes can include, but are not limited to, polyethyl 
enes (PE), polypropylenes (PP), polyvinylalcohols (PVA), 
polystyrenes (PS), ring-functionaliZed derivatives of polysty 
renes (e.g., polyvinylphenols (PVP)), and polyacrylates (e. g., 
polymethylmethacrylates (PMMA)). 




























