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PRINTING OF CONTACT METAL AND INTERCONNECT METAL VIA SEED
PRINTING AND PLATING

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No.
60/959,977, filed July 17, 2007 (Attorney Docket No. IDR1051).

FIELD OF THE INVENTION

[0002] The present invention generally relates to the field of semiconductor devices
and methods of manufacturing the same. More specifically, embodiments of the present
invention pertain to methods of forming electrical contacts (and optionally, local
interconnects) using a metal ink, electrical devices such as diodes and/or transistors including

such contacts and (optional) local interconnects, and methods for forming such devices.

SUMMARY OF THE INVENTION

[0003] Aspects of the present invention relate to methods of forming contacts to
doped or undoped silicon layers, and optionally forming local interconnects, in electronic
devices using a metal ink. Other aspects relate to electrical devices (e.g., diodes, transistors,
etc.) including such contacts and (optional) local interconnects, and to methods of making
such devices. Generally, an ink including a silicide-forming metal (e.g., a metal precursor
ink) can be printed, coated or selectively deposited on a (doped or undoped) silicon surface or
substrate (e.g., exposed in a via or edge contact opening), as well as onto areas in which a
local interconnect may be formed. The ink is then dried to remove solvent(s) and/or
additives, thereby forming a silicide-forming metal precursor. A subsequent anneal in a
reducing or inert atmosphere (e.g., either nitrogen or a forming gas, such as an Ar/H,
mixture) cures the ink and allows for the reaction between the metal precursor and silicon to
form a silicide while leaving the metal (e.g., other than the metal silicide contact) in other
regions to form the local interconnect. In such a process, the non-silicided silicon (e.g., in a
transistor channel) can be advantageously hydrogenated during the silicidation.

[0004] More specifically, in one aspect, a silicon contact and/or metal (or metal
silicide) interconnect can be formed by selectively depositing an ink containing a metal that
forms a silicide (hereinafter, a “metal precursor ink”) onto an exposed silicon surface.

Optionally, the silicon surface may further include a native oxide thereon. In a further
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option, the metal precursor ink may also be selectively deposited onto a dielectric (or other)
layer adjacent to the exposed silicon surface to form a metal interconnect. Alternatively, a
metal silicide interconnect can be formed on a patterned silicon surface. The metal precursor
ink is then deposited (and optionally, selectively deposited) on the patterned silicon and
annealed to form the silicide interconnect. When the ink is deposited to form a pattern, the
pattern may correspond to that of a local or metal interconnect layer that is configured or
adapted to electrically connect predetermined terminals of various devices to one another.
The dielectric layer may comprise a (doped) glass formulation, in which the dopant may
include B, P, As or other dopant in a sufficient concentration to diffuse the dopant into
underlying silicon. The metal precursor ink is dried to form a silicide-forming metal
precursor, and the metal precursor and silicon surface are heated to a predetermined
temperature for a length of time sufficient to form a silicon contact (e.g., metal silicide).
Optionally, the metal of the metal precursor remains on the dielectric regions, and a
conductive metal may be selectively deposited (e.g., by plating) on the metal of the metal
precursor. In general, forming the metal from the metal precursor occurs before selective
deposition of the conductive metal, but silicide formation can be conducted at any time in this
process (i.e., before forming the metal from the metal precursor, after forming the metal but
before sclective deposition of the conductive metal, or after selective deposition of the
conductive metal).

[0005] In some embodiments, the silicide-forming metal may be deposited by
printing an ink comprising a precursor of a silicide-forming metal in a solvent. In
conventional processing, depositing a metal by sputter deposition or electron beam
evaporation over a sharp step can cause breaks or discontinuities in the metal. However, in a
printed process, extra ink can be placed at edges or corners, or other locations of possible
thinning of the overlying layer, such that adequate material is present to prevent breakage or
discontinuity of the overlying layer. Extra ink can be supplied in inkjet printing by placing
extra drops of ink or larger drop volumes in the desired location(s). In gravure printing, the
extra ink can be supplied using a larger cell volume on the drum. Moreover, additional ink
can be printed for certain features intended for high current density flow (e.g., power busses,
bond pads, clock signal lines, etc.) in order to avoid potential electromigration failure.

[0006] The metal precursor ink may be deposited by various coating or printing

methods known in the art. Techniques for printing a liquid metal (precursor) ink are



WO 2009/012423 PCT/US2008/070389

described in U.S. Patent Nos. 7,152,804 and 7,314,513. In various embodiments, the ink of
the silicide-forming metal is deposited by inkjet printing. In certain embodiments, the pattern
formed by the selectively deposited metal precursor ink has a thickness over the exposed
silicon surface sufficient to form both the metal silicide and a non-silicided metal layer
thereon, which remains over the metal silicide. In various implementations, the metal of the
metal precursor ink is selected from the group consisting of Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, Ti
and alloys/mixtures thereof. Preferably, the metal is Pd.

[0007] Solvents and/or other additives in the metal precursor ink formulation are
removed in a drying step to form a silicide-forming metal precursor (although certain
additives may not be completely removed until heated or annealed under conditions sufficient
to substantially completely remove such additives). The metal precursor and the silicon
surface may then be heated (e.g., cured) in an inert atmosphere, which may further include a
reducing gas, to form a metal silicide contact. Alternately or additionally, drying the ink and
heating the silicide-forming precursor may form an interconnect and/or a metal seed layer on
a dielectric layer adjacent to the exposed silicon surface. In a preferred embodiment, the
heating step forms a metal silicide from a portion (or substantially the entire thickness) of the
metal precursor above the silicon surface and at least a portion of the silicon layer below the
silicon surface that is in contact with the metal precursor. The temperature range for heating
the metal precursor is generally from about 100 “C to about 1000 °C, and such heating may
be conducted for a length of time from about 1 second to about 24 hours. If desired, the
resistance of the metal silicide contact and the metal interconnect can be easily tuned by
annealing in a different gas ambient (e.g., instead of annealing in forming gas, annealing in
Nz, Oz, N;O, NO, O3, etc., alone or in combination). In this case, the resistance values are
generally the same for all silicide contacts across an entire wafer or substrate surface.
Similarly, the resistance values of all metal interconnects formed from the metal precursor
ink are also generally the same across an entire wafer or substrate surface.

[0008] Optionally, different resistivities of the metal interconnect and the metal
silicide contact can be achieved on a single substrate by altering the thickness of the printed
metal. For example, thicker metal or more metal ink (achieved, for example, by increasing
the number of drops, the drop volume or the ink volume, and/or decreasing the pitch between
drops in a certain area) can be printed in arcas where a lower resistance is desired. This

technique has the marked advantage over conventional processing in that different
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thicknesses of material can be placed onto the substrate during the same processing step (e.g.,
printing). Optionally, the contact angle of the printed ink can be locally varied (for example,
using a preprinting step, adapted to locally vary the surface energy of the substrate) so that
different metal heights and line widths can be achieved with the same printing step.

[0009] In one variation, a smaller amount of metal (or thinner metal) can be printed
onto areas intended for contacts, so that the metal does not consume the entire thickness of
the silicon, while greater amounts of metal (thicker metal) can be printed for the interconnect
to maintain a relatively low sheet resistance. Moreover, the contact resistance of source,
drain, and/or gate contacts can be independently controlled by controlling the thickness of the
metal printed in each region. If the silicidation anneal is performed so that the metal
precursor is entirely consumed during the reaction with silicon, for a given contact area, the
contact resistance is determined primarily or substantially entirely by the metal silicide
thickness.

[0010] If preferred, the gate resistance of a polysilicon gate can be lowered by
printing the metal precursor ink over the gate, and forming a silicide at the same time that the
source and drain contacts are formed. In the same fashion, the gate resistance can be varied
across a wafer by altering the thickness and/or pattern of the printed metal. Optionally, the
polysilicon gate can be entirely converted to a metal silicide by printing the metal precursor
with a thickness large enough to entirely consume the polysilicon during the silicidation
reaction. In this fashion, multiple gate work functions on one substrate can be achieved with
a single printing step.

[0011] In some implementations, a dielectric layer having one or more via holes
therein may optionally be formed on the silicon layer prior to selectively depositing the ink of
the silicide-forming metal. In preferred embodiments, the dielectric layer may comprise a
spin-on doped glass formulation. Moreover, if the metal precursor ink is deposited (e.g., by
printing) immediately before or after the spin-on doped glass formulation is formed (e.g.,
printed), the dopant activation and the metal silicide formation process may be
advantageously combined into a single annealing step.

[0012] In other implementations, a doped dielectric ink pattern may be printed onto a
substrate, and a silicon feature (e.g., a silicon island) may be printed thereon. The metal
precursor ink may be printed directly onto the silicon feature, then annealed to form a metal

silicide contact as described above. The silicon feature can be subsequently doped by
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diffusing dopant from the doped dielectric ink into the silicon feature, preferably through its
entire thickness, either in a separate annealing step or in the annealing step that forms the
metal silicide. In either case, the metal silicide preferably does not consume the entire
thickness of the silicon feature.

[0013] One important aspect of the present invention relates to the fabrication of a
contact and a local interconnect in a single printing step using the metal precursor ink for
both layers. This approach reduces the number of processing steps and does not require any
etching steps. In the alternative, if different metals are desired for the contacts and the
interconnect lines, a printed metal pattern (e.g., Pd) may be used as a seed layer for
electroless deposition or electroplating of other metals (e.g., Ag, Cu, Ni, etc.), as well as for
forming a metal silicide (e.g., Pd,Si) in the contact areas. The thickness of the metal and the
curing process to form the silicide may be chosen or determined such that all of the metal in
the contact area is not consumed, while good silicide contacts are still formed. Additional
metal may be plated onto the metal seed layer and/or onto the metal silicide, in the
interconnect arcas and/or in the contact arcas. An additional annealing step (e.g., post-
plating) may further improve the electrical contact between the silicide and the plated metal.
In this process, the printed and cured metal precursor film (e.g., to form the metal and metal
silicide layers) does not have to be continuous. Additionally, a cleaning and/or roughening
step, applied to the dielectric layer prior to printing the metal precursor ink, can improve the
adhesion of the plated metal to the dielectric layer.

[0014] In various embodiments, a bulk conductive metal may be selectively deposited
on any metal remaining after printing, drying and annealing the metal precursor ink. The
bulk conductive metal may be deposited by plating the bulk conductive metal onto the
remaining metal (i.c., from the ink). Plating the bulk conductive metal may comprise either
electroless plating or electroplating, and the bulk conductive metal may be selected from the
group consisting of Al, Ag, Au, Cu, Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, and alloys and/or
mixtures thercof. In some embodiments, the bulk conductive metal may be plated before or
after silicide formation. In further embodiments, the bulk conductive metal may be further
annecaled (optionally, in the same step as silicide formation) to improve one or more physical
and/or electrical characteristics of the bulk conductive metal.

[0015] In further embodiments, the exposed silicon surface may be altered (e.g.,

cleaned) prior to depositing the silicide-forming metal ink. In other embodiments, the
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exposed silicon surface, including any native oxide thereon if present, and the diclectric layer
may be etched prior to selectively depositing the metal precursor ink. In another variation,
the surface energy of the exposed silicon surface and/or the dielectric layer may be modified
prior to selectively depositing the precursor ink. Naturally, the method(s) may further
include forming a silicon layer on the substrate, to thereby provide the exposed silicon
surface.

[0016] The present invention also relates to a method of making an electrical device
such as a transistor by first forming a patterned doped dielectric on a substrate, where the
patterned doped dielectric contains a dopant. After forming the patterned doped dielectric, a
semiconductor layer is formed on at least part of adjacent structures in the patterned doped
dielectric and in a gap that is present between the adjacent structures. A gate dielectric is
then formed on the semiconductor layer at least over the gap, and the dopant is diffused into
regions of the semiconductor layer within a diffusion distance of the patterned doped
dielectric. A gate is then formed on the gate dielectric. Optionally, the dopant may be
diffused into the semiconductor layer before the gate dielectric is formed. Thereafter, the
method of forming metal silicide contacts (and optionally, metal interconnects) may be
performed to form the electrical device.

[0017] Further aspects of the present invention relate to other electrical devices (such
as diodes) and methods for making the same. In one general embodiment, a diode (or other
electrical device, such as a capacitor, resistor, or transistor) may comprise a substrate having
a silicon surface and a metal silicide layer as at least part of the silicon surface. A metal seed
layer, continuous with the metal silicide layer, is formed on or over the substrate in a pattern
(e.g., in the pattern of an interconnect layer). In some embodiments, a dielectric layer (which
may be doped, as described herein) may be present on the substrate, adjacent to the silicon
surface, and onto which the seed layer may be formed. A conductive metal may be plated on
the metal silicide layer and the metal seed layer to form a bulk conductive metal layer (e.g.,
the interconnect). When the interconnect connects a source/drain terminal of a transistor to
the gate of the transistor, the device thus formed is generally a diode. When the interconnect
connects the two source/drain terminals of a transistor to each other, the device thus formed
is generally a capacitor. When the interconnect connects one source/drain terminal of a

transistor to an input signal, the other source/drain terminal of a transistor to an output signal,
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and the gate of the transistor to a power supply or constant/reference voltage, the device thus
formed is generally a resistor.

[0018] In a second general embodiment, the diode (or other device) has a gate on (or
over) a gate dielectric on a silicon surface of a substrate. A patterned, doped diclectric
containing a dopant may be present in regions over the silicon layer or feature providing the
silicon surface, and may be substantially absent in regions exposing the silicon surface. This
device also has a metal silicide layer on the gate and on at least part of a source/drain
terminal in (or on) the silicon surface. A metal interconnect or seed layer is on (or over) the
substrate, continuous with both the metal silicide layer on the gate and the metal silicide layer
on at least part of a source/drain terminal, thereby forming the diode in the metal interconnect
case. Plating a bulk conductive layer on the metal seed layer (as described herein) also forms
the diode. Other variations (e.g., as described in the preceding paragraph and as is within the
capability of one skilled in the art) to form other devices are also contemplated.

[0019] The above described diodes and electrical devices, and variations thereof, may
also be made by forming a gate dielectric on an exposed silicon surface on a substrate, and
then forming a gate on the gate dielectric. Next, a patterned doped dielectric can be formed
on at least parts of the silicon surface (which may be exposed or which may have an exposed
portion of the gate dielectric thereon), and the dopant is diffused into regions of the silicon
within a diffusion distance of the patterned, doped dielectric. An ink comprising a silicide-
forming metal is printed on at least exposed (doped or undoped) portions of the silicon
surface. The metal precursor ink is subsequently dried to form a silicide-forming metal
precursor. The metal precursor and the silicon surface in contact therewith are heated
sufficiently to form a metal silicide layer, before or after forming a metal film or layer from
the metal precursor. In fact, forming a metal film or layer from the metal precursor is not
necessary if a local interconnect is not made. In one variation, the patterned doped dielectric
comprises a doped spin-on dielectric, having spaces or openings therein for one or more
metal silicide-containing straps to connect the gate to the doped or undoped regions of the
silicon. Furthermore, various implementations may further include forming a metal seed
layer on or over the substrate, where the metal seed layer is continuous with the metal silicide
layer. In such embodiments, the metal seed layer and/or the metal precursor ink preferably

comprise Pd.
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[0020] In another aspect of the present invention, an electrical device is disclosed.
Generally, the electrical device comprises a substrate having a silicon surface thercon, a
dielectric material having a via hole therein on the substrate exposing a part of the silicon
surface, a metal silicide layer in the via hole on the exposed part of the silicon surface, and a
metal seed layer on the dielectric material, which is continuous with the metal silicide layer
and is in a pattern of an interconnect. The device may further have a conductive metal plated
on the metal silicide layer and the metal seed layer, which forms the interconnect. In various
embodiments, the metal seed layer is selected from the group consisting of Pd, Pt, Ni, Cr,
Mo, W, Ru, Rh, Ti, and alloys and mixtures thereof, and the metal seed layer may be printed
on the dielectric material. In various embodiments, the conductive metal is selected from the
group consisting of Al, Ag, Au, Cu, Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, and alloys thereof.

[0021] In exemplary embodiments, an ink comprising a silicide-forming metal may
be printed on exposed (doped or undoped) portions of the semiconductor layer. After drying
the ink to form a silicide-forming metal precursor, the metal precursor and the silicon surface
contacting the precursor may be heated sufficiently to form a metal silicide layer. In some
variations, a metal interconnect precursor can be printed from the silicide-forming metal ink
on regions of the substrate adjacent to and continuous with the portions of the semiconductor
layer that form the metal silicide layer, or in the alternative, a metal interconnect may be
plated on the metal silicide layer and a metal formed from the metal interconnect precursor.

[0022] The present invention provides a method of making contacts to silicon layers
(and optionally, local interconnects) in electronic devices by the formation of a silicide from
a metal precursor ink. The present invention also provides electronic devices such as diodes
and transistors that include such contacts and/or local interconnects, and methods of forming
such devices. By printing an ink containing a silicide-forming metal to form contacts and
local interconnects at the same time, the number of processing steps may be reduced, and the
need for etching may be reduced or eliminated. These and other advantages of the present
invention will become readily apparent from the detailed description of preferred

embodiments below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Figs. 1A-1C are cross-sectional views showing formation of a metal silicide

contact according to the present invention.
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[0024] Figs. 2A-2E are top-down views showing a method for forming metal
contacts and/or interconnects when the printed and cured metal precursor film is
discontinuous.

[0025] Figs. 3A-3D are top-down views showing a method of forming metal contacts
when the metal silicide is (optionally) agglomerated and forms a contact, and the silicon is
doped from below.

[0026] Fig. 3E is a cross-sectional view of a device made according to Figs. 3A-3D
when the silicon is doped from below.

[0027] Figs. 4A and 4B are cross-sectional views showing formation of a metal
silicide interconnect according to the present invention.

[0028] Figs. 5A-5H are cross-sectional views of a transistor made according to a
method of the present invention.

[0029] Figs. 6A-6C are top-down views showing a diode made according to a method
of the present invention.

[0030] Figs. 7A and 7B are cross-sectional views of an electrical device made with a

metal contact and/or interconnect according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0031] Reference will now be made in detail to the preferred embodiments of the
invention. While the invention will be described in conjunction with the preferred
embodiments, it will be understood that they are not intended to limit the invention to these
embodiments. On the contrary, the invention is intended to cover alternatives, modifications
and equivalents that may be included within the spirit and scope of the invention as defined
by the appended claims. Furthermore, in the following detailed description of the present
invention, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. However, it will be readily apparent to one skilled in
the art that the present invention may be practiced without these specific details. In other
instances, well-known methods, procedures, components, and circuits have not been
described in detail so as not to unnecessarily obscure aspects of the present invention.
Furthermore, it should be understood that the possible permutations and combinations
described herein are not meant to limit the invention. Specifically, variations that are not

inconsistent may be mixed and matched as desired.
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[0032] In the present invention, the term “deposit” (and grammatical variations
thereof) is intended to encompass all forms of deposition, including blanket deposition (e.g.,
CVD and PVD), (spin)coating, and printing. In various embodiments of the method of
printing a metal-containing ink on a substrate, printing may comprise inkjetting, gravure
printing, offset printing, flexographic printing, spray-coating, slit coating, extrusion coating,
meniscus coating, microspotting and/or pen-coating the metal formulation onto the substrate.

2% &¢

Also, for convenience and simplicity, the terms “part,” “portion,” and “region” may be used
interchangeably but these terms are also generally given their art-recognized meanings. Also,
unless indicated otherwise from the context of its use herein, the terms “known,” “fixed,”

EE 1Y

“given,” “certain” and “predetermined” generally refer to a value, quantity, parameter,
constraint, condition, state, process, procedure, method, practice, or combination thereof that
is, in theory, variable, but is typically set in advance and not varied thereafter when in use. In
addition, the term “(doped)” refers to a material that is doped or undoped.

[0033] For the sake of convenience and simplicity, the terms “coupled to,”
“connected to,” and “in communication with” (and variations thereof) mean direct or indirect
coupling, connection or communication, unless the context clearly indicates otherwise.
These terms are generally used interchangeably herein, and wherever one such term is used,
it also encompasses the other terms, unless the context clearly indicates otherwise.
Furthermore, with regard to certain materials, the phrase “consisting essentially of” does not
exclude intentionally added dopants, which may give the material to which the dopant is
added (or the structure or feature formed from such material) certain desired (and potentially
quite different) physical and/or electrical properties.

[0034] The term “(cyclo)silane” refers to compounds or mixtures of compounds that
consist essentially of (1) silicon and/or germanium and (2) hydrogen, and that may contain
one or more cyclic rings. The term “hetero(cyclo)silane” refers to compounds or mixtures of
compounds that consist essentially of (1) silicon and/or germanium, (2) hydrogen, and (3)
dopant atoms such as B, P, As or Sb that may be substituted by a conventional hydrocarbon,
silane or germane substituent and that may contain one or more cyclic rings. Also, a “major
surface” of a structure or feature is a surface defined at least in part by the largest axis of the
structure or feature (e.g., if the structure is round and has a radius greater than its thickness,
the radial surface[s] is/are the major surface of the structure; however, where the structure is

square, rectangular or oval, the major surface of the structure is typically a surface defined by
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the two largest axes [generally the length and width]). Furthermore, the terms “metal
precursor ink”, “precursor ink,” “metal ink,” and “ink” may be used interchangeably to refer
to an ink of a silicide-forming metal. The terms “metal precursor” and/or “precursor” may be
used interchangeably to refer to a silicide-forming metal precursor. Examples of electrical
devices that may be made according to the various embodiments of the present invention
include, but are not limited to transistors, diodes, capacitors, inductors and resistors.

[0035] In the present invention, it is particularly advantageous to use palladium as the
silicide-forming metal, because palladium silicides may be formed even in the presence of a
native or chemical oxide that may be present on a silicon surface. This is important for
forming structures such as ohmic contacts between (doped or undoped) silicon and
interconnect metals, where native or chemical oxides formed on the silicon surface could
interfere and result in insufficient conductivity and/or reduced performance of the contact.

[0036] Embodiments of the present invention provide the advantage of depositing
(e.g., printing) a metal ink for contacts and/or local interconnects in a single printing step.
This reduces the number of depositing and other processing steps typically required by
methods known in the art. Furthermore, many embodiments of the present invention do not
require etching, which can alleviate a significant amount of the waste that occurs when
relatively expensive materials are etched away.

[0037] The invention, in its various aspects, will be explained in greater detail below

with regard to exemplary embodiments.

Exemplary Methods of Making a Silicon Contact and/or Interconnect

[0038] A first aspect of the present invention relates to a method of making a silicon
contact and/or interconnect. Figs. 1A-1C illustrate an exemplary method for forming a
silicon contact. Fig. 1A shows a silicon surface 100 with portions exposed (e.g., by forming
via or contact holes 300 in dielectric layer 200). A metal precursor ink (e.g., comprising a
precursor of a silicide-forming metal) is selectively deposited onto the exposed silicon
surface 100 and dielectric layer 200. In a preferred embodiment, selective deposition
comprises printing (e.g., inkjet printing). Optionally, the ink can be printed primarily on the
exposed silicon surface 100, overlapping with only a relatively small adjacent area of the
dielectric layer 200.

[0039] In general, the metal precursor ink formulation may consist essentially of a

Group 4, 5,6,7,8,9, 10, 11, or 12 metal salt or metal complex, one or more solvents adapted
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to facilitate coating and/or printing of the formulation, and optionally, one or more additives
that form gaseous or volatile byproducts upon reduction of the metal salt or metal complex to
an clemental metal or alloy thereof. In various implementations, the silicide-forming metal is
selected from the group consisting of Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, Ti and alloys or
mixtures thereof. In preferred embodiments, the silicide-forming metal comprises or consists
essentially of Pd. For example, a Pd ink may be printed onto or over the exposed silicon
surface, and then annecaled to form transistor contacts. Optionally, the metal from the
reduced metal precursor can form a local interconnect or a seed layer for plating a bulk metal
interconnect, thereby facilitating formation of electrical connections between terminals of the
same of different devices in a single printing or patterning step. In such embodiments, the
metal precursor ink may further comprise a bulk conductor precursor, such as metal
nanoparticles (e.g., Ag) and/or one or more metal salts, metal oxides and/or metal complexes
(see, e.g., U.S. Patent Nos. 6,878,184, 7,084,276, 7,259,100, 7,259,101, and 7,294,449).

[0040] The metal precursor ink is then dried to remove any solvent(s) and/or
additives present in the formulation to form a metal precursor pattern 400 as shown in Fig.
IB. In an exemplary embodiment, the drying process comprises heating the coated or printed
metal precursor ink to a temperature and/or for a length of time sufficient to remove
substantially all of the solvent(s). In other embodiments, drying comprises removing the
solvent(s) in a vacuum, with or without applied heat. In any such embodiments, the
temperature may be from 30 °C to 300 °C, 50 °C to 200 °C, or any value or range of values
therein. The length of time may be sufficient to remove substantially all of the solvent and/or
substantially all of the additive(s) from the coated or printed metal precursor ink (e.g., from 1
second to 4 hours, 1 minute to 120 minutes, or any other range of values therein). The
vacuum may be from 1 mtorr to 300 torr, 100 mtorr to 100 torr, 1-20 torr, or any other range
of values therein, and may be applied by vacuum pump, aspirator, venturi tube, etc.

[0041] After drying, the silicide-forming metal precursor may be reduced to form a
metal layer from the dried metal precursor (e.g., layer 410 in Fig. 1C). For example, the
metal-containing precursor film may be exposed to a reducing agent and heated at a
temperature ranging from greater than ambient temperature to about 100-400 °C, depending
on the metal precursor and/or substrate. However, the metal precursor need not be reduced,

if an interconnect is not formed. The same or similar solvent for the metal precursor ink may
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selectively remove unreacted metal precursor from the metal silicide when the metal
precursor is not reduced.

[0042] The silicide-forming metal precursor (or metal, if the metal precursor is
reduced first) and silicon surface are then heated to a first temperature for a length of time
sufficient to form a silicon contact (e.g., metal silicide) 500, as shown in Fig. 1C. In some
embodiments, a native oxide (not shown) may be on the exposed silicon surface prior to
selective deposition of the ink. In various embodiments, a bulk conductive metal (not shown)
may be selectively deposited by electro- or electroless plating on the reduced metal 410 from
the metal precursor ink, which provides a seed layer for forming a metal interconnect from
the bulk conductive metal.

[0043] In exemplary embodiments, the step of depositing the silicide-forming metal
comprises printing an ink comprising a precursor of the silicide-forming metal in a solvent.
Printing may comprise inkjetting, gravure-, offset-, screen-, or flexo-printing, spray-coating,
slit coating, extrusion coating, meniscus coating, microspotting and/or pen-coating the metal
formulation onto the substrate. However, inkjet printing is preferred.

[0044] Fig. 1A shows a via hole or opening 300 in the dielectric layer 200 where the
silicon surface 100 is exposed, into which the ink may be printed. In some embodiments, the
ink is also printed onto the dielectric layer 200 in a pattern corresponding to that of an
interconnect. In one example, the interconnect is a local interconnect, which may electrically
connect one or more terminals of a first device to one or more terminals of the same device or
an adjacent device. The via hole or opening may have a width of from about 1 micron to
about 100 microns, or any width or other range of widths therein. In preferred embodiments,
the via hole width ranges from about 2 microns to about 50 microns.

[0045] For certain embodiments in which only metal silicide contacts are desired, the
metal precursor ink is printed only in predetermined areas of exposed silicon. Selective
wetting of the exposed silicon surface (e.g., relative to surface[s] of other materials
surrounding the silicon) may be accomplished using a process that changes the relative
surface energy of the surrounding surface(s). In one example, the exposed silicon surface
and if present, any native oxide thereon, may be etched in an etch solution comprising
aqueous HF prior to selectively depositing the metal precursor ink. Preferably, the etch
solution comprises dilute aqueous HF, or in the alternative, a buffered oxide etch solution

(e.g., aqueous HF/NH4F). By etching the substrate surface in dilute, concentrated and/or
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buffered aqueous HF, the surface energy of the exposed silicon may be altered, and the metal
precursor ink can preferentially wet the exposed silicon areas (e.g., on a silicon island and
gate), leaving the non-modified regions (e.g., the dielectric layer and any field oxide)
substantially uncovered. This method of preferential wetting allows for the metal precursor
ink (e.g., a Pd-containing ink) to cover exposed silicon surfaces, guaranteeing that the metal
will be in contact with silicon (e.g., doped silicon where the doping source is an adjacent
dielectric material containing a dopant).

[0046] In a second example, the substrate surface may be modified by a plasma
treatment using a combination of a fluorocarbon (e.g., CF4, C,Fs, etc.) and oxygen (e.g., Oa,
03, NO,) gases, for example for a length of time sufficient to selectively change the surface
energy of one exposed surface relative to another (e.g., silicon relative to oxide[s]). This
plasma treatment also results in preferential wetting of the exposed silicon areas. This
method for forming contacts (e.g., by preferential wetting) is unaffected by the doping level
of the underlying silicon, and may therefore be advantageous over electroless deposition,
which may be challenging when the underlying silicon is undoped or has a relatively low
doping level. It should also be noted that this preferential wetting method allows for relaxed
constraints on printing alignment and overlays. In this process flow, a metal ink for
interconnects (such as Ag) can be printed over the metal from the metal precursor ink, and
the silicidation and metal ink curing step can be combined into one annealing step.

[0047] In alternate embodiments, and as discussed in part above, the surface energy
of the exposed silicon surface and/or the dielectric layer may be modified prior to selectively
depositing the metal precursor ink. Such surface energy modification may comprise treating
the exposed silicon surface and/or the dielectric layer with a surface energy modifying agent.
The particular agent and/or composition used for substrate modification can be tailored to the
surface being modified. For example, silazanes such as hexamethyldisilazane (HMDS) and
silyl halides such as trimethylsilyl chloride can react with and modify Si or SiOy surfaces. In
some variations, only the dielectric layer is treated with the surface energy modifying agent,
while in others both the exposed silicon surface and the diclectric layer are treated. In one
preferred embodiment, the agent for modifying the surface energy of the dielectric (and for
removing native oxide from silicon surfaces) comprises aqueous HF. In another preferred
embodiment (see the preceding paragraph), the substrate surface is modified (or further

modified) by plasma treatment using CF4 and Os.
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[0048] Alternatively or additionally, the exposed silicon surface can be cleaned prior
to depositing the ink of a silicide-forming metal. Such a process can result in low contact
angles of the metal precursor ink on the silicon surface (e.g., as low as 0 degrees). In
exemplary embodiments, cleaning is accomplished by treating the silicon surface with an
acid (e.g., aqueous HF or H;SOs), rinsing the substrate with water, and/or drying the
substrate. The washing, rinsing and/or drying steps may be performed at a predetermined
temperature and for a predetermined length of time. For example, a silicon or silicon-oxide
surface can be cleaned with aqueous H,O; or a concentrated aqueous H,SO4/H,0; solution
for about 10 minutes. Optionally, the concentrated aqueous H,SO4/H,0O; treatment step can
be followed by an aqueous H,O; cleaning process for 10 minutes.

[0049] Medium contact angles (e.g., between 5 and 30 degrees) can be created by
starting with an HMDS coated surface (e.g., prepared by evaporating an HMDS coating onto
a cleaned silicon and/or silicon oxide surface), and then reducing the HMDS coverage by
controlled UV/ozone treatment for a predetermined time and at a predetermined UV power.
In the alternative, a controlled O,/plasma treatment may be used for a predetermined time and
at a predetermined RF power. Another method for partially or fully removing HMDS
includes a treating the HMDS coated surface with a high-temperature bath of H,O, and
H,SO4 for a predetermined time. These examples are not limiting and may be adapted as
needed to the surface energy modification processes and surface treatment steps.

[0050] In various embodiments, the printed and cured metal precursor film (e.g.,
metal and/or metal silicide films) can be discontinuous or agglomerated if formed during a
high temperature anneal step (e.g., at a temperature greater than 650 °C in forming gas). If a
discontinuous silicide is used for forming edge contacts, the metal interconnect that is printed
over the silicide must also be printed adjacent to (or in contact with) the spin-on dopant
(SOD) edge. This is to ensure that the metal line is in contact with silicide that is above
doped silicon (where the doping occurs from the SOD).

[0051] Figs. 2A-2D show an exemplary embodiment where the metal silicide layer is
discontinuous. In Fig. 2A, a silicon island 1000 is printed on a substrate, and a gate dielectric
(not shown) is formed thercover, generally by thermal oxidation, but alternatively by printing
a gate dielectric precursor ink thereover. In addition, the gate diclectric can be deposited by
CVD methods known in the art (e.g., PECVD, HDPCVD, ectc.). A silicon gate 1200 is

printed on or over the gate dielectric. A spin-on dopant 1300 is subsequently printed thereon,
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including in any area of the crossover between the silicon island 1000 and the silicon gate
1200, but the ends of the silicon island 1000 and the silicon gate 1200 are left uncovered.
Thereafter, the spin-on dopant 1300 is dried and cured. Next, the silicon gate 1200 and
silicon island 1000 in contact with and within a diffusion distance of the spin-on dopant 1300
are doped by annealing the spin-on dopant 1300. The resulting regions of exposed, doped
silicon 1400 (i.e., within a diffusion distance of the spin-on dopant 1300) are illustrated in
Fig. 2B.

[0052] A metal precursor ink (e.g., containing a precursor of a silicide-forming metal)
is selectively deposited (e.g., by printing) on the exposed ends of the silicon gate 1200 and
silicon island 1000, including the regions of doped silicon 1400, preferably following surface
energy modification of the exposed silicon surfaces and/or the dielectric layer 1300. The
metal precursor ink is dried and (if necessary) reduced to form a silicide-forming metal on the
ends of the silicon gate 1200 and silicon island 1000, then the silicide-forming metal is
annecaled to form a metal silicide 1500, as illustrated in Fig. 2C. When the metal silicide
contacts 1500 are formed at the edges of a doped dielectric layer, they may be termed “edge”
contacts. A conductive metal interconnect 1600 is formed on the metal silicide 1500,
adjacent to (or in contact with or slightly overlapping) the spin-on dopant edge, as shown in
Fig. 2D. This ensures the maximum contact between metal silicide contacts 1500 and metal
contact pads (or ends of interconnects) 1600. In certain embodiments where the metal
silicide is discontinuous, it is necessary to print the interconnect up to the doped dielectric
edge, as illustrated in Fig. 2D. Alternatively, the metal pad/interconnect 1600 may be offset
from the spin-on dopant edge, but in contact with substantially all of a peripheral surface of a
silicided, patterned silicon feature as shown in Fig. 2E. If either continuous or discontinuous
silicide is formed in an opening in the spin-on dopant or other dielectric layer (as opposed to
the edge contacts shown in Figs. 2D and 2E), the metal pad/interconnect can simply be
printed above the contact, ensuring that the via hole is completely covered with interconnect
metal. Such an embodiment and variations thereof are discussed below in greater detail with
regard to exemplary electrical devices (see also Figs. 7A and 7B).

[0053] Figs. 3A-3D show an exemplary alternative embodiment in which the metal
silicide may be agglomerated (or discontinuous). However, agglomeration is not necessarily
required. In Fig. 3A, a doped dielectric 2000 is printed in regions where doped silicon is

desired. As shown in Fig. 3B, the silicon island 2200 is then formed on the doped dielectric

16



WO 2009/012423 PCT/US2008/070389

2000, generally by printing a silicon precursor ink, drying the ink and curing the silicon
precursor. The dopant is then diffused through substantially the entire thickness of the
silicon island 2200 during a high temperature anneal step from the doped dielectric 2000
below. A gate dielectric 2600 (see Fig. 3E) can be formed on or over at least the channel
region of the silicon island 2200, as described herein. A highly-doped silicon or metal gate
2300 is then formed, crossing over the channel region of the silicon island 2200, as shown in
Fig. 3B. The silicide-forming metal precursor ink is printed onto the source and drain
regions after the gate is printed, then dried, cured and annealed to form metal silicide regions
2400, as shown in Fig. 3C. Because the island 2200 was doped from below, the metal ink
can be printed and used to form a silicide anywhere along the source and drain regions of the
silicon island 2200, because this method provides relatively large regions of doped silicon.
The metal interconnect 2500 can now be printed or otherwise formed anywhere on or above
the metal silicide 2400, as seen in Fig. 3D. This method allows for added freedom in printing
the metal interconnect as it is not required to print up to an edge of the spin-on dopant or
interlayer dielectric, as shown in Fig. 2D. A cross-sectional view of a device manufactured
according to this scheme (not drawn to scale) is shown in Fig. 3E.

[0054] In another process flow, the metal silicide is continuous. During the step of
printing a silicon island or a gate, for example, a silicon ink can also be printed in areas of the
substrate where a local interconnect is desired. Suitable formulations and methods for
making the silicon ink may comprise one or more silanes, germanes, silagermanes,
polysilanes, polygermanes, polysilagermanes, and/or silicon and/or germanium nanoparticles.
After printing the silane ink for the local interconnect (at the same time as either the silicon
island or the gate), the doped dielectric may be printed or otherwise formed thereon, then the
metal precursor ink can be deposited on exposed silicon regions (e.g., by spin-coating, spray-
coating, or electroless deposition). After a silicidation anneal, metal silicide is formed in
contact arcas as well as in the exposed local interconnect areas. Naturally, this “continuous
silicide” process also works when the doped diclectric layer is formed before the silicon
island.

[0055] In another embodiment, as shown in Fig. 4A, a silicon layer 3300 may be
formed (e.g., on dielectric layer 3200 and portions of an exposed substrate 3100) prior to
selectively depositing the ink of a silicide-forming metal 3400 to provide the exposed silicon

surface. In such an embodiment, the substrate 3100 may be comprised of any suitable
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material known in the art. For example, the substrate may comprise, but is not limited to,
glass (e.g., quartz) sheets or slips, plastic and/or metal foils, sheets or slabs (e.g., aluminum
or stainless steel foil; sheets or films of plastics such as polycarbonates, polyethylene and
polypropylene esters, polyimides, etc.), silicon wafers, etc., all of which may further include
one or more buffer layers (such as a polyimide or other polymer, silicon and/or aluminum
oxide, etc.) thereon. The silicon layer 3300 may be formed by printing a silicon-containing
ink, then drying and curing the silicon-containing ink. In such an embodiment, if the pattern
formed by the metal precursor ink includes an interconnect pattern, the silicon-containing ink
may be printed in an initial pattern that comprises the interconnect pattern. Furthermore, the
initial pattern may further comprise one or more silicon islands. After drying (and optionally
curing) the silicon layer 3300, a metal precursor ink may be printed thereon and dried to form
metal precursor layer 3400. Optionally, the metal precursor layer 3400 may be reduced to
form a metal film prior to silicidation. The structure of Fig. 4A may be heated (ec.g.,
anncaled) at a temperature and for a time sufficient to form a metal silicide interconnect (e.g.,
structure 3500 of Fig. 4B).

[0056] In preferred embodiments, the selectively deposited metal precursor ink forms
a pattern having a minimum width of from 1 micron to about 200 microns, or any range of
values therein (e.g., from 2 to about 100 microns). In various embodiments, the pattern has a
maximum thickness from about 25 nanometers to about 10 microns, or any range of values
therein (e.g., from 25 nanometers to about 1 micron). In a preferred embodiment, the pattern
has a thickness over the exposed silicon surface sufficient to form the metal silicide and the
remaining ink of the silicide-forming metal over the exposed silicon surface.

[0057] In various embodiments, to form the silicon contact, the metal precursor ink
and silicon surface are heated to a first temperature for a length of time sufficient to form a
metal silicide. The temperature range may be from 100 °C to about 1000 °C (e.g., from about
200 °C to about 700 °C, or any range of values therein, such as from 250 °C. to about 400
°C). The heating time to form the contact and/or interconnect may be from 1 minute to about
24 hours (e.g., from 2 minutes to about 240 minutes, or any range of values therein, such as
from about 10 to about 120 minutes). Such conditions may allow silicidation to occur as part
of a curing step (e.g., to dehydrogenate a silane polymer during formation of a silicon
feature) or a solid phase crystallization step (e.g., at a temperature of from 550 to 900 °C, and

in one example, at about 600 °C).
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[0058] In one embodiment, heating and reducing the metal precursor from the metal
precursor ink may also form a metal in those areas where the metal precursor is not in contact
with an exposed silicon surface. Preferably, the metal precursor is heated in an inert
atmosphere, which may further comprise a reducing gas. In certain variations, the reducing
gas comprises or consists essentially of hydrogen (e.g., Hy).

[0059] In some embodiments, the silicide-forming metal precursor ink may be
optionally selectively deposited onto a diclectric layer adjacent to the exposed silicon surface
to form an interconnect. In one preferred variation, via holes may be formed in the dielectric
layer to expose the exposed silicon surface prior to selectively depositing the metal precursor
ink. In other variations, the dielectric layer comprises a spin-on doped glass formulation,
which may be printed to form the dielectric layer. In certain implementations (e.g., where the
interconnect comprises a metal silicide), the spin-on doped glass formulation is selectively
printed in a dielectric pattern that exposes the exposed silicon surface in the interconnect
pattern and in the via holes.

[0060] In some variations, the metal from the reduced metal precursor not in contact
with exposed silicon may form a seed layer. A bulk conductive metal may be selectively
deposited onto the metal seed layer, for example by plating. Plating may comprise
electroless plating, or in the alternative, electroplating the conductive metal. In one
embodiment, electroless plating comprises immersing a substrate having silicon, a metal
silicide on the surface thereof, and a diclectric material adjacent thereto having the seed layer
thereon in a solution of a salt or complex of the bulk conductive metal at a temperature of
from ambient temperature to 85 °C for a length of time sufficient to plate a predetermined
thickness of the bulk conductive metal on the seed layer. In variations where the metal is
deposited by electroplating, the substrate having the seed layer thereon is immersed in a
solution of a salt or complex of the bulk conductive metal, and an electric potential is applied
to the substrate and the solution for a length of time sufficient to plate a predetermined
thickness of the bulk conductive metal on the functional material. Pd is a particularly useful
metal for the seed layer, since nearly any other metal can be plated onto it.

[0061] In various embodiments, the bulk conductive metal is selected from the group
consisting of Al, Ag, Au, Cu, Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, and alloys/mixtures thereof.
Preferably, the bulk conductive metal is Ag, Au, Cu, Ni, and/or Pd. In some

implementations, the bulk conductive metal is annealed. Annealing may be conducted in a
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gas ambient that enables adjusting a resistance of the silicon contact and/or the bulk
conductive metal. In exemplary embodiments, the gas ambient is selected from the group
consisting of forming gas, N,, Ar and mixtures thereof. In various embodiments, the bulk
conductive metal is annealed at a temperature of at least 300 “C. In other embodiments, the
annealing temperature is not greater than 900 “C. The bulk conductive metal may be
annealed for a length of time of from about 1 second to about 24 hours, or any range of time
therein (e.g., from about 2 minutes to about 240 minutes, 10 minutes to about 120 minutes,
etc.).

[0062] In some exemplary implementations, portions of the ink of a silicide-forming
metal may have varying thicknesses. For example, a first portion of the ink may have a first
thickness and a second portion of the ink may have a second thickness, where the first and
second thicknesses differ from one another. It is preferred to deposit a greater amount of the
ink (e.g., thicker silicide-forming metal) where a lower line or sheet resistance is desired.
Typically, a smaller amount of metal precursor ink is printed onto areas where contacts are
desired, while a greater amount of metal precursor ink is printed in the interconnect portion
of the pattern. The contact angle in which the ink is selectively deposited may be locally
varied to provide different metal heights and/or line widths in the pattern. In certain
embodiments, the thickness of the ink is independently controlled in each region (e.g.,
contacts to a source, a drain and/or a gate; formation of a relatively thick metal silicide layer
on the gate, but thinner contact layers on the source/drain terminals; etc.).

[0063] In exemplary embodiments, the silicide-forming metal precursor ink
formulation is selectively deposited onto source and drain contact regions and an entirety of a
gate, and the silicide is formed on the gate simultaneously with source and drain contacts. In
such embodiments, the gate may comprise amorphous silicon and/or polysilicon, and may be
entirely converted to metal silicide by printing a thickness of the metal precursor ink large
enough to entirely consume the silicon during the heating step. Alternatively, the gates may
have a resistance that varies across the substrate (or region or portion thercof) by altering the
thickness of the silicide-forming metal on different gates (e.g., when the polycrystalline
and/or amorphous silicon gates have a substantially consistent thickness). In other
embodiments, the gates may have a resistance that varies across the substrate (or region or
portion thereof) by altering the thickness of the silicon layer for the gates, then depositing the

silicide-forming metal on different gates at a substantially consistent thickness. When the
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resistivity of the gates across a substrate is varied (e.g., by altering the thickness of the metal
precursor layer or film and forming a metal silicide from substantially all of the metal
precursor over the exposed silicon surface), one may provide a variety of different transistors
having different work functions, and thus, different functionalities.

[0064] In one embodiment, at least one portion of the ink (or of the metal precursor
resulting from drying the ink) has a greater thickness than at least one other portion of the ink
(or metal precursor). In this embodiment, the greater thickness is sufficient to reduce line
thinning and/or line breaking relative to the other portion(s).

[0065] In some embodiments, the process flow does not rely on the continued
presence of a doped dielectric over the device, for possible use as an interlayer dielectric. For
example, in one variation, the dopant (e.g., a conventional liquid phase dopant, in a
polymeric binder or carrier such as a polyimide and a solvent) is screen printed on the
exposed silicon surface, and the dopant is diffused into the silicon during an activation step
(for example, a high temperature anneal step). The activation step temperature can range
from 700-1000 °C, and the annealing ambient (e.g., atmosphere) can comprise Nj, O,
forming gas, or a combination thereof, in a vacuum or at ambient pressure. During this high
temperature anneal, the screen printed dopant can advantageously burn off, leaving behind
only the dopant atoms or other dopant source material to diffuse the dopant (P, B, As, etc.)
into the underlying silicon. Optionally, any carbon and/or oxygen residue left behind after
the activation step can be cleaned off using an oxygen plasma (e.g., by ashing) or using a
conventional wet etch (e.g., an aqueous H,SO4/H,0, [Piranha] etch). In this scheme, both the
oxygen plasma and the wet etch are compatible with the transistor fabrication process;
neither process adversely impacts the gate oxide, silicon channel, or the gate when it
comprises or consists essentially of polysilicon. In this process, the silicon is doped, but no
oxide or interlayer dielectric remains. In the alternative, where the screen printed or spin-on
dopant stays in place after activation, it can be removed by conventional processes, such as
lithography and wet or dry etching to create via and/or contact openings. This process is
effective for forming metal silicide contacts.

[0066] However, in the absence of an oxide on the surface of the substrate, it may not
be possible to selectively wet the (doped or undoped) silicon surface relative to the oxide.
Thus, when the metal precursor ink must adhere to those surfaces on which it is printed. In

this way, contacts and interconnects (or metal seed layers) can be formed in a single step.
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Where an interconnect and/or seed layer is desired, an interlayer dielectric layer may be
deposited after forming the silicide by conventional methods known in the art. Contact holes
may also be formed in the interlayer dielectric, and one or more metallization layers (e.g., for
the interconnect) may be formed in the contact holes and on the interlayer dielectric as

described herein and/or as is known in the art.

Exemplary Methods of Making a Transistor

[0067] Another aspect of the present invention relates to methods of making a
transistor, the steps of which are illustrated in Figs. SA-5F. In general, a semiconductor layer
(e.g., silicon) 4200 is formed on a substrate 4100. Subsequently, as shown in Fig. 5B, a gate
dielectric (e.g., formed by wet or dry thermal oxidation, gas-phase deposition [e.g., CVD,
PECVD, HDP-CVD, etc.] or liquid-phase deposition) 4300 is formed on the semiconductor
layer, and a gate 4400 is formed thereon. Portions of the gate diclectric layer 4300 exposed
by the gate 4400 are then removed. As illustrated in Fig. 5C, a doped dielectric layer 4500 is
patterned or blanket deposited on the substrate, including the semiconductor layer 4200 and
gate 4400. The substrate and the structures thereon are subsequently heated to diffuse the
dopant into regions of the semiconductor layer 4200, thereby forming source and drain
terminals 4210 and 4220. While regions of the semiconductor layer are now doped (e.g.,
structures 4210 and 4220), a portion of the channel region 4230 in the semiconductor layer
remains undoped. If the gate 4400 comprises silicon, the dopant will diffuse from doped
dielectric 4500 into the gate 4400, forming the doped gate structure 4410 as shown in Fig.
5C. In some embodiments, as illustrated in Fig. 5D, the doped dielectric layer 4500 remains
on the structure, and via holes 4310 are formed therein. Alternatively, the via holes may be
formed by printing the doped dielectric in a pattern that includes the via holes. A metal
precursor ink is deposited onto the exposed silicon surface and on the adjacent dielectric
layer, and the ink is dried to form a silicide-forming metal precursor 4320, as shown in Fig.
S5E. The silicide-forming metal precursor 4320 is then cured and/or reduced to form metal
interconnect 4350, and the (reduced) silicide-forming metal precursor in contact with the
exposed silicon surface (e.g., source/drain terminals 4210 and 4220) is then heated to form
silicon contacts 4340, as shown in Fig. 5F.

[0068] In alternative embodiments, the doped diclectric layer 4500 may be removed
before depositing the metal precursor ink. In one variation, the doped dielectric layer 4500

comprises an organic material that is relatively combustible, such as a polyamide, acrylic, or
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poly(ethylene oxide). In this instance, the doped dielectric layer 4500 in Fig. 5C may be
“burned off” by heating in a high temperature atmosphere, as described in paragraph [0065]
above, to form a precursor to the structure shown in Fig. 5G. Alternatively, the doped
dielectric layer 4500 can be removed using methods (such as wet etching) as described
herein.

[0069] Referring to Fig. 5G, in an alternative embodiment, an ink containing a
silicide-forming metal may be printed on the exposed portions of the substrate 4100 and the
doped source and drain terminals 4210 and 4220. The ink is dried to form a silicide-forming
metal precursor (e.g., structures 4600 and 4610). The metal precursor and the silicon surface
in contact with the precursor (e.g., portions of source and drain terminals 4210 and 4220)
may be annealed to form metal silicide edge contacts 4700 and metal interconnect 4620, as
shown in Fig. SH. In exemplary embodiments, the ink contains a silicide-forming metal
precursor and a solvent. Preferably, the silicide-forming metal precursor comprises Pd.

[0070] Optionally, an interlayer dielectric may be deposited onto the gate and the
semiconductor layer. The ink containing a silicide-forming metal may then be printed on
portions of the continuous semiconductor layer and the gate that are exposed by the interlayer
dielectric. Additionally, the ink may also be printed on arcas of the interlayer dielectric
adjacent to the exposed areas of the semiconductor layer and the gate, either with or without
further surface energy modification of the interlayer dielectric prior to printing. The ink may
be subsequently dried to form a silicide-forming metal precursor, which then may be heated
sufficiently to form a metal seed layer or interconnect on the interlayer dielectric (in addition
to the metal silicide formed on the exposed areas of the semiconductor layer and the gate).

[0071] In the above described embodiments, the gate dielectric may be formed by
thermal oxidation. In the alternative, the gate dielectric may be formed by printing or coating
a liquid-phase dielectric precursor. In one variation, the continuous semiconductor layer is
formed by printing a liquid-phase ink containing a silicon and/or germanium precursor in a
pattern onto the substrate. In such a variation, the silicon and/or germanium precursor
comprises an ink containing a hydrosilane, hydrogermane, hydrosilagermane, (cyclo)silane,
(cyclo)germane, (cyclo)silagermane, (poly)silane, (poly)germane, and/or (poly)silagermane,
and/or silicon and/or germanium nanoparticles.

[0072] In one implementation, the step of forming the gate may further include

forming an interconnect pattern. In some variations, the gate and/or interconnect pattern may
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be formed by printing a liquid-phase silicon and/or germanium precursor (e.g., an ink
containing a (poly)silane and/or (poly)germane) over the semiconductor layer and the gate
dielectric. As described with regard to previous embodiments and variations, a metal
interconnect precursor may be printed, or the metal interconnect may be plated on a printed
interconnect pattern (which may comprise a printed metal seed layer, a metal silicide layer, or
doped semiconductor layer). Preferably, the metal interconnect is electrolessly plated on the

metal seed layer.

Exemplary Methods of Making Diodes

[0073] Additional aspects of the present invention relate to diodes and other devices
formed from the above-described contacts and/or interconnects. Printed metal inks may be
useful for making coupled contacts, in which either the source and gate or the drain and gate
of a printed transistor are electrically connected to form a diode. Alternatively, as explained
above, the source and drain may be electrically connected to form a capacitor. Other devices,
such as resistors, can be formed as described herein. Inductors may be formed by printing a
coil or serpentine pattern onto a dielectric or other insulative surface over (semi)conductive
features such as electrical circuitry, and exposing two silicon surface portions (e.g., in the
circuitry under the dielectric or other insulation layer) to which a metal silicide contact is
formed in accordance with the present invention.

[0074] In this case, a metal is printed or selectively deposited onto the contact areas,
as well as onto the field oxide and/or interlayer dielectric, to make the appropriate
connection(s). If a polysilicon gate is used for a diode-wired thin film transistor, its
resistivity should be lowered to increase the frequency at which it operates. To achieve this
result, a diode may be formed according to Figs. 6A-6C. Fig. 6A shows a printed silicon
island 5100 and gate 5200. In Fig. 6B, a doped dielectric layer 5300 may be printed over the
gate and source/drain regions in a predetermined pattern, leaving spaces or openings 5400 for
metal silicide straps to connect the gate to a source/drain terminal. As shown in Fig. 6C, a
metal layer 5500 can then be formed (e.g., by printing or blanket deposition) in the openings
5400 of the dielectric layer 5300. By using surface energy modification, as earlier described,
the metal ink will wet or print on primarily or only the exposed areas of silicon layers 5100
and 5200, leaving the dielectric 5300 uncovered. After a silicidation step is completed, the
gate 1s now connected to one side of the island in multiple places, and the thin film transistor

acts as a diode. The advantage of using multiple straps is that the gate resistivity is lowered,

24



WO 2009/012423 PCT/US2008/070389

thereby allowing for the diode to operate at a higher frequency. The steps in the method for
forming a diode and exemplary variations of the same are discussed in more detail below.

[0075] According to a general method, a gate dielectric is formed on an exposed
silicon surface (e.g., 5100 in Fig. 6A) on a substrate. A gate (e.g., 5200 in Fig. 6A) is then
formed on the gate dielectric. Next, a patterned doped dielectric (e.g., 5300 in Fig. 6B)
containing a dopant is formed on at least parts of the exposed silicon surface. The dopant is
then diffused into regions of the silicon layers 5100 and 5200 within a diffusion distance of
the patterned, doped dielectric 5300. An ink comprising a silicide-forming metal is printed
on at least the exposed, portions of the silicon surface and subsequently dried to form a
silicide-forming metal precursor. The metal precursor and the silicon surface in contact with
the metal precursor are heated sufficiently to form a metal silicide layer. In areas other than
those in contact with exposed silicon, the silicide-forming metal precursor forms a metal that
serves as a local interconnect in such devices.

[0076] The silicon surface of a diode made according to the above-described general
method may comprise a first silicon island. In some embodiments, the gate comprises
polysilicon, and heating the metal precursor and the silicon surface further heats the metal
precursor and the gate sufficiently to form the metal silicide layer on (and/or from) the gate.
In preferred embodiments, the patterned doped dielectric comprises a spin-on doped
dielectric formulation. In such embodiments, the spin-on doped dielectric is formed (or
printed) in a pattern having spaces or openings therein for a plurality of metal silicide straps
to connect the gate to the doped regions of the silicon. In exemplary embodiments, the

silicide-forming metal comprises Pd.

Exemplary Diodes

[0077] Various diodes may be formed according to the methods described above. In
one embodiment, a diode comprises a substrate with a silicon surface and has a metal silicide
layer on at least part of the silicon surface. The diode further comprises a metal seed layer on
or over the substrate, which is continuous with the metal silicide layer, and is in a pattern of
an interconnect. A bulk conductive metal is plated on the metal silicide layer and the metal
seed layer to form the interconnect. In some implementations, the metal seed layer may be
printed, as described herein. In exemplary embodiments, the metal seed layer comprises a
seed metal selected from the group consisting of Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, Ti, and

alloys and mixtures thereof. However, Pd is preferred, since almost all other metals will
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selectively plate onto Pd. Advantageously, the metal silicide comprises a palladium silicide
and/or the seed metal consists essentially of Pd;Si. The bulk conductive metal may be
selected from the group consisting of Al, Ag, Au, Cu, Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, and
alloys thereof. In preferred embodiments, the bulk conductive metal comprises Ag, Au, Cu,
or Pd. Alternatively or additionally, the bulk conductive metal may consist essentially of Ag
or Cu.

[0078] In a second embodiment relating to a diode, a gate is formed on or over a gate
dielectric on the silicon surface of a substrate. The diode further comprises a patterned,
doped dielectric containing a dopant. The dopant is present in regions of the substrate under
the patterned, doped dielectric, and is substantially absent in regions of the substrate exposed
by the patterned, doped diclectric. The diode has a metal silicide layer on the gate and on at
least part of a source/drain terminal in or on the silicon surface. A metal seed layer is formed
on or over the substrate and is continuous with both the metal silicide layer on the gate and
the metal silicide layer on at least part of a source/drain terminal. There are many variations
of this general embodiment. For example, the silicon surface may comprise a first silicon
feature and/or the gate may comprise polysilicon. In other variations, the doped dielectric
comprises a spin-on dopant, having spaces or openings therein for a plurality of metal silicide
straps, which connect the gate to the source/drain terminal. In preferred embodiments, the

metal silicide is Pd silicide.

Exemplary Electrical Devices

[0079] A further aspect of the present invention concerns an electrical device made
from contacts and/or interconnects according to the present invention. As shown in Fig. 7A,
in one general embodiment, the electrical device comprises a substrate 6100 having a silicon
surface 6200 thereon, and a dielectric material 6300 having a via hole 6400, which exposes
part of the silicon surface. As shown in Fig. 7B, the device has a metal silicide layer 6500 in
the via hole 6400 on the exposed silicon surface 6200, and the electrical device has a metal
seed layer 6600 on the dielectric material, which is continuous with the metal silicide layer.
The metal seed layer is in a pattern of an interconnect. The device further has a bulk
conductive metal 6700 plated on the metal silicide layer and the metal seed layer to form the
interconnect. The seed metal may be selected from the group consisting of Pd, Pt, Ni, Cr,
Mo, W, Ru, Rh, Ti, and alloys and mixtures thereof. Preferably, the seed metal comprises

Pd. In preferred embodiments, the metal silicide is a palladium silicide and/or the seed metal
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consists essentially of Pd,Si.  In some variations, the metal seed layer may be formed by
printing (e.g., on the dielectric layer). In exemplary implementations, the bulk conductive
metal is selected from the group consisting of Al, Ag, Au, Cu, Pd, Pt, Ni, Cr, Mo, W, Ru, Rh,
and alloys/mixtures thercof. In preferred embodiments, the bulk conductive metal is Ag, Au,

Cu, or Pd.

WORKING EXAMPLES

Formation of Contacts and Local Interconnects

[0080] The feasibility of metal silicide as a contact material was demonstrated with
evaporated Pd. Palladium silicide (Pd,Si) formation overcame the presence of a surface oxide
on the silicon and formed low resistance ohmic contacts to conventional and spincoated
silicon films, thereby alleviating the need for special cleaning (e.g., a sputtering process) to
clean contaminants from the silicon surface. The reaction between Pd and Si occurred at 300
°C in N, or Ar/H; as confirmed by x-ray diffraction, cross section SEM, and four point probe
measurements. Functional via chains (contacts) using Pd,Si and Al interconnects were

similarly demonstrated. Contact resistances in this case were about 10 ohm-cm?,

CONCLUSION / SUMMARY

[0081] Thus, the present invention provides methods of forming contacts by
selectively depositing and subsequently forming a metal silicide, and optionally forming local
interconnects using the same selective deposition process. The invention also relates to
electrical devices such as diodes and/or transistors made from such printed contacts and/or
local interconnects, and to methods for forming such devices. Printing a metal ink for
contacts as well as for local interconnects at the same time reduces or eliminates
disadvantages of conventional processes. For example, this approach advantageously
reduces the number of printing steps and does not require any etching steps. Variations of
the present invention provide flexibility for situations where a different metal is desired for
the interconnect lines. In such situations, printed metal may serve as a seed for electroless
deposition or other metals, as well as for the metal silicide in the contact areas.

[0082] The foregoing descriptions of specific embodiments of the present invention
have been presented for purposes of illustration and description. They are not intended to be
exhaustive or to limit the invention to the precise forms disclosed, and obviously many

modifications and variations are possible in light of the above teaching. The embodiments
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were chosen and described in order to best explain the principles of the invention and its
practical application, to thereby enable others skilled in the art to best utilize the invention
and various embodiments with various modifications as are suited to the particular use
contemplated. It is intended that the scope of the invention be defined by the Claims

appended hereto and their equivalents.
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CLAIMS

What is claimed is:

1.

10.
11.

12.

A method of making a metal silicide contact, comprising:

a) depositing an ink containing a silicide-forming metal onto an exposed silicon
surface;

b) drying the ink to form a silicide-forming metal precursor; and

c) heating the silicide-forming metal precursor and the silicon surface to a first

temperature for a length of time sufficient to form the metal silicide contact.
The method of claim 1, wherein depositing the ink comprises selectively depositing
the ink to form a pattern.
The method of claim 2, wherein the pattern further comprises the ink selectively
deposited onto a dielectric layer adjacent to the exposed silicon surface.
The method of claim 3, wherein drying the ink and heating the silicide-forming metal
precursor forms a metal interconnect from the silicide-forming metal precursor on the
dielectric layer.
The method of claim 3, wherein drying the ink and heating the silicide-forming metal
precursor forms a metal seed layer on the dielectric layer.
The method of claim 5, further comprising selectively depositing a bulk conductive
metal on the metal seed layer.
The method of claim 6, wherein selectively depositing the bulk conductive metal
comprises plating the bulk conductive metal onto the metal seed layer.
The method of claim 2, wherein selectively depositing the ink comprises printing the
ink, and the ink comprises the silicide-forming metal precursor and a solvent.
The method of claim 8, wherein the ink is printed into a via hole or opening in a
dielectric layer, the via hole exposing the exposed silicon surface.
The method of claim 8, wherein printing comprises inkjet printing.
The method of claim 2, further comprising, prior to selectively depositing the ink of a
silicide-forming metal, etching the exposed silicon surface and the dielectric layer in
an etch solution comprising aqueous HF.
The method of claim 1, further comprising, prior to depositing the ink, modifying a

surface energy of the exposed silicon surface.
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13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
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The method of claim 1, wherein the exposed silicon surface comprises a native oxide
thereon.

The method of claim 1, wherein the silicide-forming metal precursor and the silicon
surface are heated in an inert or reducing atmosphere.

The method of claim 1, wherein the first temperature is from 200 °C to about 700 °C.
The method of claim 15, wherein the length of time is from 2 minutes to about 240
minutes.

The method of claim 1, wherein the silicide-forming metal is selected from the group
consisting of Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, Ti, and mixtures thereof.

The method of claim 17, wherein the metal of the ink of a silicide-forming metal is
Pd.

The method of claim 2, wherein the dielectric layer comprises a doped dielectric film,
and the method comprises printing the ink onto a doped region of the exposed silicon
surface.

The method of claim 1, further comprising printing a doped dielectric ink onto a
substrate, printing a silicon feature on the doped dielectric, and doping the silicon
feature by diffusing dopant from the doped diclectric ink.

The method of claim 1, further comprising screen printing a dopant on the exposed
silicon surface and diffusing the dopant into the silicon using a burn-off process.

The method of claim 21, further comprising depositing an interlayer dielectric on the
doped silicon surface, forming contact holes in the interlayer dielectric, and forming a
metallization layer thereon.

A method of making a device, comprising:

a) forming a semiconductor layer on least part of a substrate;
b) forming a gate dielectric on the semiconductor layer;
c) forming a gate on the gate diclectric, where at least one of the gate and the

semiconductor layer comprises elemental silicon;

d) diffusing a dopant into the semiconductor layer;

e) depositing an ink containing a silicide-forming metal onto an exposed silicon
surface; and

f) heating the silicide-forming metal and the silicon to form a metal silicide

contact.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
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The method of claim 23, wherein the ink comprises a silicide-forming metal precursor

and a solvent.

The method of claim 23, wherein forming the semiconductor layer comprises printing

an ink containing silicon and/or germanium precursor in a pattern onto the substrate.

The method of claim 23, further comprising, prior to diffusing the dopant, depositing

a doped dielectric containing the dopant onto the semiconductor layer.

The method of claim 26, wherein heating the silicide-forming metal forms a metal

interconnect from the silicide-forming metal on the doped dielectric.

The method of claim 26, wherein heating the silicide-forming metal forms a metal

seed layer on the doped dielectric.

The method of claim 28, further comprising selectively depositing a bulk conductive

metal on the metal seed layer.

The method of claim 29, wherein selectively depositing the bulk conductive metal

comprises plating the bulk conductive metal onto the metal seed layer.

The method of claim 23, wherein forming the gate comprises printing an ink

containing silicon and/or germanium precursor in a pattern over the semiconductor

layer.

The method of claim 23, wherein the gate comprises polysilicon, and heating the ink

of a silicide-forming metal and the silicon surface further heats the ink of a silicide-

forming metal and the gate sufficiently to form the metal silicide layer on the gate.

The method of claim 26, wherein the doped dielectric has spaces or openings therein

for at least one conductive strap to connect the gate to a doped region of the

semiconductor layer.

The method of claim 28, wherein the metal seed layer and the silicide-forming metal

comprise Pd.

A method of making a device, comprising:

a) forming a patterned doped dielectric on a substrate, the patterned doped
dielectric containing a dopant;

b) forming a continuous semiconductor layer on least part of adjacent structures
in the patterned doped dielectric and a gap between the adjacent structures;

c) forming a gate dielectric on the continuous semiconductor layer, at least over

the gap;
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36.

37.

38.

39.

40.

41.

42.

43.

44,
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d) diffusing the dopant into regions of the continuous semiconductor layer within
a diffusion distance of the patterned, doped diclectric; and

e) forming a gate on the gate dielectric.

The method of claim 35, further comprising printing an ink comprising a silicide-

forming metal on exposed portions of the continuous semiconductor layer.

The method of claim 36, further comprising drying the ink and heating the silicide-

forming metal and a silicon surface in contact therewith sufficiently to form a metal

silicide layer, at least one of the continuous semiconductor layer and the gate

comprising the silicon surface.

The method of claim 35, wherein forming the continuous semiconductor layer

comprises printing an ink containing a silicon and/or germanium precursor.

The method of claim 35, wherein forming the gate comprises printing an ink

containing a silicon and/or germanium precursor.

The method of claim 35, further comprising depositing an interlayer dielectric onto

the gate and the semiconductor layer.

The method of claim 40, further comprising printing an ink comprising a silicide-

forming metal on exposed portions of the continuous semiconductor layer and the

gate.

The method of claim 41, further comprising drying the ink and heating the silicide-

forming metal sufficiently to form a metal seed layer or interconnect on the interlayer

dielectric.

An electrical device, comprising:

a) a substrate having a silicon surface thereon;

b) a dielectric material having an opening therein exposing a part of the silicon
surface;

c) a metal silicide layer in the opening, on the exposed part of the silicon surface;

d) a metal seed layer pattern on the dielectric material, continuous with the metal

silicide layer; and
e) optionally a bulk conductive metal plated on the metal silicide layer pattern
and the metal seed layer, forming an interconnect.

The device of claim 43, wherein the metal silicide comprises a palladium silicide.
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45.

46.

47.

48.

49.

50.

51.

52.
53.
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The device of claim 43, wherein the metal seed layer comprises a seed metal selected
from the group consisting of Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, Ti, and alloys and
mixtures thereof.

The device of claim 43, wherein the bulk conductive metal is present and is selected
from the group consisting of Al, Ag, Au, Cu, Pd, Pt, Ni, Cr, Mo, W, Ru, Rh, and
alloys thereof.

The device of claim 43, wherein the device is a diode, and the metal seed layer is on
the substrate, continuous with the metal silicide layer and in a pattern of an
interconnect.

The device of claim 47, wherein the bulk conductive metal is plated on the metal
silicide layer and the metal seed layer to further form the interconnect.

The diode of claim 48, wherein the seed metal comprises Pd.

The device of claim 43, wherein the device is a diode, and the metal seed layer is on
the gate and on at least part of a source/drain terminal in or on the silicon surface.

The diode of claim 50, wherein the metal seed layer is on or over the substrate
continuous with both the metal silicide layer on the gate and the metal silicide layer
on at least part of the source/drain terminal.

The diode of claim 43, wherein the gate comprises polysilicon.

The diode of claim 52, wherein the doped diclectric comprises a spin-on dopant
formulation having spaces or openings therein for a plurality of metal silicide straps

to connect the gate to the source/drain terminal.
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