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(57) Abstract: Described examples include methods (100) of fabricating conductive and resistive structures by direct-write variable
impedance patterning using nanoparticle-based metallization layers or chemical reaction-based deposition. In some examples (100),
a low conductivity nanoparticle material is deposited (110) over a surface. The nanoparticle material is selectively illuminated (112,
114, 116) at different applied energy levels via illumination source power adjustments and/or scan rate adjustments for selective pat -
terned sintering to create conductive circuit structures as well as resistive circuit structures including gradient resistive circuit struc -
tures having an electrical resistivity profile that varies along the structure length. Further examples include methods in which a non-
conductive reactant layer is deposited or patterned, and a second solution is deposited in varying amounts using an additive depos -
ition for reaction with the reactant layer to form controllably conductive structures.
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METHODS OF FORMING CONDUCTIVE AND RESISTIVE CIRCUIT STRUCTURES
IN AN INTEGRATED CIRCUIT OR PRINTED CIRCUIT BOARD

[0001] This relates generally to integrated circuit manufacturing, and more particularly to
forming conductive and resistive circuit structures having different impedance values per unit area
in a circuit structure.

BACKGROUND

[0002] Integrated circuits (ICs) provide a cost effective compact solution for electrical circuits,
typically including diodes, transistors, memory cells, logic circuits, and other circuitry with I/O
terminals for interfacing the internal circuitry with external components on a printed circuit board
(PCB). In addition to complex circuitry, many integrated circuits include internal capacitors and
resistors, thereby mitigating the need for additional cost and circuit board space associated with
providing external discrete components. In particular, resistors and conductive traces are
sometimes formed during fabrication of one or more metallization layers to interconnect transistor
terminals and other internal circuit components with one another and with externally accessible
die pads. Printed circuit boards also include conductive traces or features for electrically
interconnecting various components, such as discrete resistors, capacitors, diodes, and integrated
circuits soldered to the board. For many applications, it may be desirable to embed resistors within
metal traces in an integrated circuit metallization layer and/or on a printed circuit board to mitigate
the need for discrete resistors thereby saving space and cost. Also, gradient resistance
transmission lines are often desirable for infinite impedance matching, as well as gradient
resistance features for current profile tapering.

[0003] Metallization layer processing typically involves creating geometrically patterned traces
of copper or other suitable metal to create a patterned variation in resistance on a trace or feature.
Embedded resistors can be created by adjusting the area (e.g., metal trace width) and/or length of
a metallization layer structure, and gradient resistance transmission lines can also be created
through geometric patterning for infinite impedance matching, current profile tapering or other
applications. For example, the width or thickness of a metallization layer or printed circuit board

trace may be narrowed to decrease the cross-sectional area, and the path of the trace may be
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extended through meandering or other length extending techniques to increase the resistance.
Also, the trace width can be narrowed through tapering to provide a gradually increasing
resistance. However, conventional metallization layer processing for integrated circuits and/or
printed circuit boards may be limited in the ability to create integrated resistors, particularly
gradient resistors, within cost and space restrictions. In particular, current techniques require
either a change in geometry of the metallization layer trace and/or deposition of other materials
that have a higher or lower resistance per square.

[0004] Geometrically varying feature shapes and lengths to create lower resistance features may
not be practical in certain situations because of space or area limitations, while cost, complexity
and fabrication tolerances may limit the feasibility of creating higher resistances and/or gradient
resistors. These conventional techniques may be unsuitable for high frequency structures where
the geometry of the metallization is directly linked to high frequency performance, or for gradient
current profile tapering. The other approach involves depositing two or more materials onto a
PCB or integrated circuit metallization layer, which have different impedance per unit area values
(ohms per square). However, this technique increases cost and fabrication time, and still only
allows for a discrete number of degrees of freedom in creating different resistances and profiled
resistances. As a result, this approach is often used in combination with geometric patterning,
which may be contrary to size restrictions for a given design. Accordingly, conventional
techniques involving variations to trace geometry are limited by available space for low
resistances and by process restrictions for minimum trace widths and minimum feature sizes in
creating high resistances.

SUMMARY

[0005] Methods are provided for fabricating conductive and resistive structures in an integrated
circuit or on a circuit board using direct-write variable impedance patterning via
nanoparticle-based metallization layers or chemical reaction-based deposition, along with
integrated circuits or printed circuit boards including resistive structures formed on a planar
structure having different electrical resistivities. In certain methods, a low conductivity
nanoparticle material is selectively illuminated at different applied energy levels for creating
conductive and resistive circuit structures and gradient resistive circuit structures. Methods are
also provided in which a non-conductive reactant layer is deposited and a second solution is

deposited in varying amounts using an additive deposition for reaction with the reactant layer to
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form structures with tailored conductivities. A circuit apparatus is provided in which conductive
structures and resistive structures are formed on a planar surface from the same material and have
different resistivities.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1is a flow diagram of a first method of forming conductive and resistive structures
by variable impedance patterning in an integrated circuit.

[0007] FIG. 2 is a partial side elevation view of an integrated circuit undergoing a deposition
process to form a layer of metallic nanoparticle material on an upper interlayer dielectric and
associated contacts.

[0008] FIG. 3 is a partial top plan view of the integrated circuit of FIG. 2 following deposition
of the metallic nanoparticle material layer.

[0009] FIG. 4 is atop plan view of the integrated circuit of FIGS. 2 and 3 following illumination
of first portions of the deposited metallic nanoparticle material at a first applied energy level to
create conductive circuit structures.

[0010] FIG. 5 is a partial top plan view of the integrated circuit of FIGS. 2-4 following
illumination of second portions of the deposited metallic nanoparticle material at a lower second
applied energy level to create resistive circuit structures.

[0011] FIG. 61s a partial top plan view of the integrated circuit of FIGS. 2-5 following variable
or tapered power and/or scan rate illumination of further portions of the deposited metallic
nanoparticle material to form gradient resistive circuit structures.

[0012] FIG. 7 is a partial top plan view of the integrated circuit of FIGS. 2-6 following
illumination of further portions of the deposited metallic nanoparticle material at a still lower
power level to form higher impedance resistive structures.

[0013] FIG. 8 is a partial top plan view of the integrated circuit of FIGS. 2-7 following removal
of non-illuminated portions of the deposited metallic nanoparticle material.

[0014] FIG. 9 is a partial side elevation view of selective illumination processing of the
integrated circuit of FIGS. 2-8 using a laser source with adjustable power level and constant scan
rate.

[0015] FIG. 10 is a partial top plan view of conductive, resistive, and gradient resistive
structures formed along a lateral direction using the constant scan rate, variable power

illumination processing of FIG. 9.
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[0016] FIG. 11 is a graph of laser power along the lateral direction to form the successive
conductive, resistive and gradient resistive structures of FIG. 10.

[0017] FIG. 12 is a graph of laser scan rate along the lateral direction to form the conductive,
resistive and gradient resistive structures of FIG. 10.

[0018] FIG. 13 is a partial side elevation view of selective illumination processing of the
integrated circuit of FIGS. 2-8 using a laser source with adjustable scan rate at a constant laser
power level.

[0019] FIG. 14 is a partial top plan view of conductive, resistive, and gradient resistive
structures formed along a lateral direction using the constant power, variable scan rate
illumination processing of FIG. 13.

[0020] FIG. 15 is a graph of constant laser power along the lateral direction to form the
conductive, resistive and gradient resistive structures of FIG. 14.

[0021] FIG. 16 is a graph of laser scan rate adjusted along the lateral direction to form the
conductive, resistive and gradient resistive structures of FIG. 14.

[0022] FIG. 17 is a partial side elevation view of the integrated circuit undergoing a second
additive deposition process to selectively form metallic nanoparticle material on select portions of
the upper interlayer dielectric material.

[0023] FIG. 18 is a partial top plan view of the integrated circuit of FIG. 17 following the
selective deposition of the metallic nanoparticle material layer.

[0024] FIG. 19 is a partial top plan view of the integrated circuit of FIGS. 17 and 18 following
illumination of first portions of the deposited metallic nanoparticle material at a first applied
energy level to create conductive circuit structures.

[0025] FIG. 20 is a partial top plan view of the integrated circuit of FIGS. 17-19 following
illumination of second portions of the deposited metallic nanoparticle material at a lower second
applied energy level to create resistive circuit structures.

[0026] FIG. 21 is a partial top plan view of the integrated circuit of FIGS. 17-20 following
tapered power and/or scan rate illumination of further portions of the deposited metallic
nanoparticle material to form gradient resistive circuit structures.

[0027] FIG. 22 is a partial top plan view of the integrated circuit of FIGS. 17-21 following
illumination of further portions of the deposited metallic nanoparticle material at a still lower

power level to form higher impedance resistive structures.
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[0028] FIG. 23 is a flow diagram of a second method of forming conductive and resistive
structures by variable impedance patterning using chemical reaction-based deposition in an
integrated circuit.

[0029] FIG. 24 is a partial side elevation view of an integrated circuit undergoing a global or
selectively additive deposition process to form a reactant material on the upper interlayer dielectric
material.

[0030] FIG. 25 is a partial top plan view of the integrated circuit of FIG. 24 following the
reactant material deposition.

[0031] FIG. 26 is a partial top plan view of the integrated circuit of FIGS. 24 and 25 following
selective additive deposition of a second solution onto first portions of the deposited reactant
material at a first thickness level to create conductive circuit structures.

[0032] FIG. 27 is a partial top plan view of the integrated circuit of FIGS. 24-26 following
selective additive deposition of the second solution onto second portions of the deposited reactant
material at a lower second thickness level to create resistive circuit structures.

[0033] FIG. 28 is a partial top plan view of the integrated circuit of FIGS. 24-27 following
tapered additive deposition of the second solution onto further portions of the deposited reactant
material to form gradient resistive circuit structures.

[0034] FIG. 29 is a partial top plan view of the integrated circuit of FIGS. 24-28 following
selective additive deposition of the second solution onto further portions of the deposited reactant
material at a lower thickness level to form higher impedance resistive structures.

[0035] FIG. 30 is a partial top plan view of the integrated circuit of FIGS. 24-29 following
removal of unreacted portions of the deposited reactant material.

[0036] FIG. 31 is a partial side elevation view of selective deposition of the second solution to
form the conductive, resistive and gradient resistive structures of FIG. 30.

[0037] FIG. 32 is a partial top plan view of the conductive, resistive and gradient resistive
structures.

[0038] FIG. 33 is a graph of second solution deposition thickness or amount along the lateral
direction in forming the conductive, resistive and gradient resistive structures of FIG. 31.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0039] In the drawings, various features are not necessarily drawn to scale.

[0040] FIG. 1 illustrates a process or method 100 for fabricating conductive and resistive
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structures in an integrated circuit or on a printed circuit board, and FIGS. 2-8 show an integrated
circuit (IC) 200 at various intermediate fabrication stages according to the method 100. The
process 100 is illustrated in the context of integrated circuit fabrication for forming conductive and
resistive structures on a dielectric layer in a metallization process. In other examples, portions of
the method 100 are useful in fabricating printed circuit boards or other circuit structures in which
conductive and resistive features are formed on a planar surface.

[0041] The method 100 in FIG. 1 begins at 102 with front end processing such as formation of
transistors on or in a semiconductor substrate. At 104, an initial dielectric is formed over the
transistors and contacts are formed in the initial dielectric to the transistor terminals. One or more
interlayer dielectric (ILD) layers is/are formed at 106 along with associated vias and contacts over
the initial dielectric layer.

[0042] FIG. 2 shows the IC 200 at an intermediate fabrication stage following the processing at
102-106 of FIG. 1, and includes a semiconductor body 204 (e.g., silicon substrate or SOI wafer) in
which transistor source/drains 206 are formed in doped active regions of the substrate 204 and are
separated by STI or LOCOS isolation structures 208, and transistor gate structures 210 are formed
over channel regions of the substrate 204. An initial ILD layer (e.g., poly metal dielectric, PMD)
212 is formed over the transistors and the substrate (104 in FIG. 1), through which conductive
contacts 214 are formed of any suitable conductive material or materials (e.g., tungsten) for
interconnection of the source/drain and gate terminals 206, 210. A second ILD layer 216 is
formed above the first layer 212, 214, including a dielectric material layer 216 with a planar top
surface, as well as contacts or vias 218 as shown in FIG. 2.

[0043] As described further below, the process 100 in FIG. 1 includes direct-write variable
impedance patterning via nanoparticle-based metallization layer processing at 108 to form a
conductive structure and one or more resistive structures including gradient resistor features on a
planar dielectric layer such as the ILD layer 216 as part of a metallization process for constructing
an integrated circuit 200. In other examples, the processing 108 is useful in forming conductive
and resistive features or structures on a planar surface of a circuit board. Direct-write variable
impedance patterning examples are described below using chemical reaction-based deposition
processing (e.g., FIG. 23), which can also be employed in the fabrication of integrated circuit
devices and/or in making printed circuit boards or other circuit structures. The dielectric layer

216, in this regard, is considered to provide a planar surface including any exposed conductive
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contacts 218.

[0044] Referring to FIGS. 1-3, the metallization processing 108 begins at 110 in FIG. 1 with
deposition of metallic nanoparticle material. Any suitable nanoparticle material may be used, and
may be deposited using any suitable deposition processing at 110. FIG. 2 illustrates a deposition
process 201 for deposition of metallic nanoparticle material 202 over the upper surface of the
dielectric layer 216 including any exposed conductive material of the interlayer contacts 218, and
FIG. 3 illustrates a top view of a globally deposited metallic nanoparticle layer 202 over all or
substantially all of the planar surface of the dielectric 216. In other examples (e.g., FIGS. 17-22),
the metallic nanoparticle material deposition at 102 can be selective deposition via an additive
deposition process, or an initial global deposition and subsequent patterning can be employed at
110 to form a metallic nanoparticle material 202 globally or in localized fashion on the dielectric
216 and any associated vias and/or contacts. Any suitable metallic nanoparticle material 202 can
be used at 110 in FIG. 1, such as copper, gold or other conductive nanoparticle material having
particle sizes on the order of several nanometers to several hundred nanometers.

[0045] As initially deposited, the nanoparticle material includes a number of very small
particles, which together initially constitute an essentially non-conductive material layer 202 (e.g.,
very low conductivity) including particles, which can be sintered by optically applied energy to
increase the conductivity of select portions of the layer 202. The material 202 can be deposited at
110 by any suitable process 201, including spin coating, dipping, printing, and various other
deposition methods to form a material 202 having an initial low conductivity. Asused herein, this
initially low conductivity is such that unreacted or non-illuminated portions of the deposited layer
202 will not conduct significant amounts of current when a subsequently formed conductive or
resistive portion thereof is processed to have increased conductivity, and the non-illuminated
portions of the material 202 operate in connection with a final circuit of the integrated circuit
device 200 (or a final circuit of a PCB onto which the material 202 is formed at 110).

[0046] Referring to FIGS. 1 and 4, the process 100 continues at 112 in FIG. 1, including
illumination of one or more first portions of the deposited metallic nanoparticle material 202 at a
first applied energy level to create one or more conductive circuit features. FIG. 4 illustrates
selective illumination of five such first portions 400-1, 400-2, 400-3, 400-4 and 400-5, in which
the illuminated first portion 400-5 has a width dimension W. The first applied energy level used

at 112 is any amount of total applied energy per unit area with respect to the illuminated portions
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400, which causes increases the conductivity of the illuminated metallic nanoparticle material 202
to a desired level. This final conductivity, together with the area and distance of the illuminated
features 400 provides a preferably low resistance value for the individual illuminated portions or
features 400 suitable for use in a resulting integrated circuit for achieving a desired current
carrying capability and other circuit design performance metrics. As discussed further below in
connection with FIGS. 9-16, a laser or other suitable light source 900 can illuminate the first
portions 400 of the deposited metallic nanoparticle material 202 at a controlled energy level, such
as by controlling the laser output power per unit illuminated surface area and/or by controlling a
scan rate of the illumination source 900.

[0047] Referring to FIGS. 1 and 5, second portions 500 of the deposited metallic nanoparticle
material 202 are selectively illuminated at 114 at a lower second applied energy level to create
resistive circuit structures 500-1, 500-2 and 500-3. The second applied energy level is less than
the first applied energy level. In the example of FIG. 5, the resistive structure 500-3 has a width
W, which equals a width of the example conductive structure 400-5. However, the second applied
energy level used in creating the resistive structure 500-3 (and the other resistor structures 500-1
and 500-2) is less than the energy applied in creating the conductive structure 400-5, and
accordingly the illuminated material structures 500 have a lower conductivity (i.e., higher
resistivity) than the conductive structures 400. Thus, where the structures 400-5 and 500-3 have
the same width dimensions and extend for the same lateral lengths or traced distances, the
structure 500-3 has a higher resistance than the structure 400-5. The structures 400-5 and 500-3
have different electrical resistivities, although they are formed from the same initial first material
202. Accordingly, the processing 108 provides direct-write variable impedance patterning using
a single deposited material, which can be employed in providing a variety of different conductive
and resistive structures 400, 500 in the manufacture of integrated circuits and/or printed circuit
boards or other circuit structures. The applied illumination energy can be modified dynamically,
such as by using lasers. Accordingly, the process 100 advantageously facilitates cost effective
metallization processes to create compact circuits including conductive traces and resistors as
needed, without complicated or lengthy fabrication processing, and it avoids or mitigates problems
associated with excessive circuitry size and process restrictions regarding minimal trace or feature
sizes compared with conventional patterned metal layer techniques.

[0048] Referring also to FIG. 6, third portions of the deposited metallic nanoparticle material
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202 are selectively illuminated at 116 in FIG. 1 to create further resistive structures 600-1 and
600-2. In this case, one of the third portions 600-2 is adjacent to the second portion 500-3, and the
portion 600-2 is of the same width dimension W, and has a similar length or distance dimension
D as the structures or illuminated portions 500-3 and 400-5. The third portions 600 are illuminated
at 116 at an even lower third applied energy level (i.e., the third energy level is less than the second
applied energy level in this example) to create the resistive structures 600 having higher
resistivities than the structures 500. Also, the adjacent formation of the resistive structures 600-2
and 500-3 provides a gradient resistive structure, which includes the second and third illuminated
portions 500-3 and 600-2 of the material 202. Accordingly, by this technique, a gradient resistive
structure can be created from a single initial material 202 by varying the applied energy of the
illumination source in creating the illuminated portions 500-3 and 600-2. In some examples, the
third energy level is applied along the entire illuminated portion 600-2, and the resulting resistive
structure 600-2 itself will have a generally continuous or constant resistivity along its lateral
lengths.

[0049] In other examples, the processing at 116 includes gradually transitioning the applied
energy from the second level to the third level while illuminating the portions 500-3 and 600-2 to
create the gradient resistive circuit structure. In another example in FIG. 6, the processing of the
third portions 600-1 and 600-2 involves gradually transitioning the applied energy from the second
level to the third level to create a gradient resistive structure 600-1 between the conductive
structures 400-2 and 400-3, as well as a composite gradient resistive structure 500-3, 600-2, with
the structure 500-3 having a generally constant resistivity and the structure 600-2 having a
resistivity that increases from that of the region 500-3 to a higher resistivity along the direction
from left to right in FIG. 6.

[0050] Referring also to FIG. 7, the processing 108 in FIG. 1 can include further illumination
steps at any number of different applied energy levels, with or without gradual transitions of
applied energy as desired. In the example of FIG. 7, a further resistive structure 700 is formed by
illuminating a portion of the deposited metallic nanoparticle material 202 to create a further
resistive structure or feature 700 electrically connected between the conductive structure 400-2
and the high resistivity end of the gradient resistive structure 600-2. In this example, the resistive
structure 700 has a resistivity higher than the previously formed resistive structures 500, 600. In

other examples, the processing can be performed in stepwise fashion to illuminate different spatial
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portions one after another. In further examples, an illumination source (e.g., laser) can be actively
controlled with respect to scan rate and/or power level, while performing raster or other type
scanning across the surface of the deposited material 202 to implement any desired patterned
circuitry including at least one conductive structure and at least one resistive structure.

[0051] FIG. 8 shows a top view of the integrated circuit 200 following optional removal at 118
in FIG. 1 of non-illuminated portions of the deposited metallic nanoparticle material 202, leaving
the fabricated conductive structures 400 and resistive structures 500, 600 and 700 to provide a
desired circuit pattern.  Certain of these metallization structures are electrically connected to
underlying contact conductive structures 218-1, 218-2, 218-3, 218-4 and 218-5. In this example,
the resulting circuit resistances provided by the first resistive structures 500-1, 500-2 and 500-3
are schematically shown in FIG. 8 as resistors R1, R2 and R3. The resistances associated with the
gradient resistive structures 600-1 and 600-2 are shown as resistors R4 and RS. The final resistive
structure 700 is schematically shown as a resistor R6. As shown in FIG. 8, the resulting circuit
configuration provides an initially conductive portion 400-5 connected to the contact structure
218-5, with increasing resistance by series connection of the resistive structure 500-3 and then the
gradient resistive structure 600-2, which is electrically connected to the contact structure 218-4.
The process 100 continues at 120 with other backend processing and packaging. The
non-illuminated nanoparticle material 202 is not removed in certain examples, thereby leaving the
surface including illuminated and non-illuminated portions, which may provide an invisible circuit
with the different portions being visually indistinguishable. Examples include integrated circuit
devices or other circuit structures for end use applications, where the processed material 202 is
formed on an external surface. In such examples, the removal processing at 118 in FIG. 1 can be
omitted.

[0052] FIG. 9 shows one example illumination processing configuration, which can be
employed at 112-116 in FIG. 1. A laser illumination source 900 is operable to scan light 902
across the upper surface of the deposited metallic nanoparticle material 202 of the integrated
circuit device 202. The laser 900 is operable according to a controllable power level input 904 or
a controllable scan rate input 906. FIG. 10 shows a partial top plan view of the IC 210 before
removal of the deposited nanoparticle material 202. FIG. 10 shows the illuminated portions 400-5,
500-3 and 600-2, including the underlying contact structures 218-5 and 218-4 shown in dotted
lines. As shown in FIGS. 9-12, the first illuminated portion 400-5 extends along a lateral (X)

10
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direction from X0 through X1, the second illuminated portion 500-3 extends from X1 through X2,
and the third illuminated portion 600-2 extends from X2 through X3.

[0053] FIG. 11 shows a graph 1100 including a curve 1102 of applied laser power per unit area
along the X direction. FIG. 12 shows a graph 1200 of a scan rate curve 1202 corresponding to the
scanning speed or scan rate of the laser illumination source 900. In this example, the laser 900 is
operated at a generally constant scan rate (SR) 1202. The associated optics of the laser system 900
is configurable to implement illumination over a controlled scan width using any suitable raster or
other type scanning for directing laser light 902 toward the material 202 according to a constant
scan rate input 906 (FIG. 9). Also, the changes in applied energy levels for the different
illuminated portions 400-5, 500-3 and 600-2 are implemented by adjusting the power level input
904 to corresponding levels P1 shown in the graph 1100 as 1102a from X0 through X1, with a step
change to a lower second-level P2 shown as 1102b from X1 through X2, and a transition to a lower
third level P3 where the power level is gradually lowered along a curved profile 1102¢ from X2
through X3 in the illustrated example. In other implementations, a linear transition can be used in
the laser power level 1102, or stepwise linear profiles can be used, or curvilinear profiles can be
used, or combinations thereof. In this manner, the laser 900 scans light 902 across the illuminated
portions 400-5, 500-3 and 600-2 at a steady scan rate with adaptive adjustments to the power level
via the control input 904 to implement the laser power profile 1102 shown in the graph 1100. By
this operation, the method 100 provides different applied energy levels to the different portions
400-5, 500-3 and 600-24, corresponding to control of the sintering and hence conductivity change
of the deposited material 202.

[0054] FIGS. 13-16 illustrate another non-limiting example in which the scan rate SR of the
laser source 900 is adapted via the scan rate input 906 while operating at a generally constant
power level input 904 to provide the selective application of different applied energy levels to the
portions 400-5, 500-3 and 600-2. FIG. 13 shows the laser source 900 selectively illuminating
portions of the metallic nanoparticle material 202, and FIG. 14 illustrates the portion of the IC 200
including the conductive feature 400-5 and resistive features 500-3 and 600-2 as in FIG. 10. The
graph 1500 in FIG. 15 shows a generally constant laser power level curve 1502 at a level P as the
laser 900 scans from X0 through X3. FIG. 16 shows a graph 1600 with a curve 1602 showing the
scan rate at a low level L1 from X0 through X1 (curve portion 1602a in FIG. 16), followed by a
higher level L2 from X1 through X2 (1602b), after which the scan rate is gradually increased from
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L2 to a higher rate L3 along a curved profile 1602¢c while the laser 900 scans light 902 across the
IC 200 from X2 through X3 for gradual increase in the resistivity of the gradient resistive feature
600-2.

[0055] The method 100 facilitates varying the sheet resistance (ohms/square) of a metallization
layer for an integrated circuit, printed circuit board or other circuit structure using a single material
202 and selective illumination processing in a patterned manner to achieve gradient resistivity
metallization layers and construction of any desired conductive and resistive traces and features.
While illustrated and described in constructing one-dimensional conductive and resistive
structures 400-5, 500-3, 600-2, the process 100 and the metallization processing 108 can form
two-dimensional resistive and conductive structures. For example, the gradient resistor structure
600-1 is made by selective illumination control to provide graduated resistivity in the illuminated
portion, and geometric patterning is also used to form a meandered structure shape in two
dimensions. Further, these techniques 108 are useful in three-dimensional configurations.

[0056] The process 100 of FIG. 1 uses illumination of the material 202 with a laser 900. In other
examples, other energy sources are used for selectively sintering the nanoparticle material 202 to
control the material resistivity in a patterned fashion. The conductivity increases because of
nano-scale low-temperature melting experienced in nano-scale particles of the deposited material
202, as a result of selective exposure to energy through laser scanning. Because the conductivity
per unit area is proportional to the amount of energy absorbed, the laser 900 can be scanned over
the material layer 202 with a patterned intensity to vary the conductivity across the surface. Using
this method, a seemingly continuous metal sheet can actually have patterned insulating, resistive,
and conducting areas, which are not visually perceptible in some examples if the non-illuminated
portions are not removed.

[0057] Referring to FIGS. 1 and 17-22, the material 202 may alternatively be deposited in a
patterned manner on the dielectric 216 (110 in FIG. 1) using an additive deposition process 1701
in FIG. 17, such as inkjet, screen, gravure, or flexographic printing to reduce material usage.
Impedance patterning is performed (e.g., 112-116 in FIG. 1) over the pre-patterned material layer
202 to make the traces conductive, resistive, or gradient resistive for forming conductive and
resistive features 400, 500, 600 and 700. In one example, a global deposition is used at 110,
followed by selective etching to remove deposited material 202 to provide a patterned material

202 over the dielectric layer 216 and any exposed conductive features 218 as shown in FIG. 18.
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FIG. 19 shows the IC 200 following selective illumination of the desired conductive portions 400
using the same desired circuit and pattern illumination described above in connection with FIGS.
4-8. FIG. 20 shows subsequent selective illumination to form the first resistive structures 500.
FIG. 21 shows subsequent controlled illumination to form the gradient resistive structures 600,
and FIG. 22 shows the finished IC 200 following selective illumination to form the additional
resistive structure 700.

[0058] In FIGS. 8 and 22, an integrated circuit 200 or printed circuit board includes at least one
conductive structure having an electrical resistivity (e.g., structures 400) formed from a first
material 202 on a surface layer or other planar structure (e.g., dielectric layer 216 and any exposed
contact structures 218). The integrated circuit 200 also includes a first resistive structure 500
formed from the same material 202 on the planar structure 216 with a resistivity greater than the
conductive structure electrical resistivity. The IC 200 also includes a second resistive structure
(e.g., resistive structure 700) formed from the same material 202 on the planar structure 216 with
an electrical resistivity greater than that of the first resistive structures 500. The IC 200 includes
at least one gradient resistive structure 600-2 formed from the same material 202, which extends
along alength D from a first end to a second end, and has an electrical resistivity profile that varies
along the length distance D. In certain examples, the gradient electrical resistivity profile varies
continuously along the length distance D, such as in the structure 600-2 of FIGS. 8 and 22. In
certain examples, the gradient resistive structure 600 is not geometrically patterned, and it may
have a constant cross-sectional area along the length distance D (e.g., structure 600-2).

[0059] FIG. 23 shows a process or method 2300 of fabricating conductive and resistive
structures in an integrated circuit 200 or on a printed circuit board using chemical reaction-based
deposition. FIGS. 23-30 illustrate the integrated circuit 200 undergoing processing generally
according to the method 2300. The front end processing, initial dielectric formation, and
formation of one or more ILD layers are performed at 2302, 2304 and 2306 (in similar fashion to
the processing at 102, 104 and 106 in FIG. 1) to provide a partially processed integrated circuit 200
in FIG. 24. Direct-writing for variable impedance patterning is performed at 2308 in FIG. 23,
including deposition of an initially non-conductive reactant material 2402 at 2310 onto the upper
ILD layer 216 and any associated exposed contact structures 218. The deposition is performed in
one example using a deposition process 2401 as shown in FIG. 24 to form the reactant material

2402 as shown in the top view of FIG. 25. The illustrated example shows a global deposition
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process 2401 to form the reactant material 2402 across the entire ILD layer 216, A localized
deposition process is used in other examples.

[0060] The initially deposited reactant layer 2402 is non-conductive, so it has a relatively high
resistivity. At 2312, 2314 and 2316, a second solution 2404 (FIG. 31) is selectively deposited in
different amounts per unit area to create conductive, resistive, and gradient resistive circuit
features using any suitable selective deposition or dispensing process, such as inkjet printing in
one example. Any suitable initial reactant material 2402 can be used, and it undergoes a reaction
to form a more conductive layer upon mixing with the second solution 2404. Any suitable second
solution 2404 can be used, which causes a selectively adjustable chemical reaction when deposited
over the reactant layer 2402 in varying amounts to yield material portions with varying degrees of
resistivity.

[0061] At2312in FIG. 23, the second solution 2404 is deposited in a first amount per unit area
locally onto first portions 400 of the deposited reactant material as shown in FIG. 26. The
resulting reaction of the material 2402 with the second solution 2404 creates conductive circuit
features 400-1, 400-2, 400-3, 400-4 and 400-5 using the same patterning arrangement as discussed
above. At2314, the second solution 2404 is deposited locally onto second portions of the reactant
material 2402 in a lower second amount per unit area to create resistive circuit features 500-1,
500-2 and 500-3 as shown in FIG. 27. At 2316 in FIG. 23, the second solution 2404 is deposited
locally onto third portions of the reactant material 2402 at a still lower third amount per unit area
for creating gradient resistive circuit features 600-1 and 600-2 of FIG. 28. In FIG. 29, a further
resistive feature 700 is formed by selective deposition of the second solution 2404 at an even lower
amount per unit area to provide a higher resistivity in the deposition region 700. At 2318 in FIG.
23, unreacted portions of the deposited reactant material 2402 are optionally removed to expose
the formed conductive and resistive circuit features 400, 500, 600 and 700 as well as the upper
dielectric 216 and exposed portions of the corresponding ILD contact structures 218 as shown in
FIG. 30.

[0062] FIG. 31 shows a deposition process 3101 with varying amounts per unit area of the
deposited second solution 2404. The solution 2402 has a first thickness T1 extending from the
X-direction position X0 through X1 to form the conductive structure 400-5 shown in FIG. 32, and
a smaller (e.g., shorter) thickness T2 from X1 through X2 to form the resistive structure 500-3.

The deposition process 3101 employs a gradual reduction in the deposition thickness amount per
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unit area from X2 through X3 to transition from the second thickness T2 to a shorter thickness T3
at X3. The graph 3300 in FIG. 33 shows a curve 3302 of the deposition thickness along the
X-direction including constant thickness portion 3302a (thickness T1), and 3302b (thickness T2),
and a curved thickness profile 3302¢ transitioning from thickness T2 to thickness T3 at X3. Any
unreacted portions of the deposited reactant material 2402 may then be removed at 2318 in FIG.
1. In this example, further backend processing and packaging is performed at 2320 to provide an
integrated circuit 200 and complete the fabrication process 2300. As with the described examples
of metallic nanoparticle selective illumination, the chemical reaction based variable impedance
patterning processing 2308 may be performed on integrated circuits 200 as shown, as well as on
printed circuit boards and other circuit structures.

[0063] The concepts of the described examples provide significant advantages over
conventional metal layer processing, and facilitate cost effective compact metal layer fabrication
to create conductive as well as resistive structures. In particular, the disclosed examples provide
a continuous or discrete impedance gradient defined over a planar 2D, or 3D metallization surface
in a low-cost and rapid manner, in which only one metallic nanoparticle or reactant material 202,
2302 is deposited and subsequently processed through selective energy or reaction solution
application at controlled levels. The direct-writing patterning: (a) does not add any cost to the
solution, because a curing step is already inherently required for solution deposited or additively
deposited metals; and (b) provides directly embedded resistors within circuit board and/or
integrated circuit metal layer traces, with the ability to provide fine-tuned gradient resistors for use
in transmission lines or other applications requiring infinite impedance matching. The examples
are useful to provide 2-D or 3-D impedance gradients for current distribution patterning and
tapering, which is extremely advantageous for RF circuit implementations (such as matching
networks and antennas/antenna arrays) and cannot be performed with standard metallization
layers. The concepts of the disclosed examples are useful to provide invisible (visually
imperceptible) circuits in which a metallization covers the entire surface but includes patterned
conductive and resistive areas, such as for defense and/or security applications where hiding the
visual pattern of the circuit board decreases chances of reverse engineering.

[0064] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A method of fabricating conductive and resistive structures, the method comprising:

depositing a metallic nanoparticle material over a surface, the metallic nanoparticle
material having an initial low conductivity;

selectively illuminating a first portion of the deposited metallic nanoparticle material at a
first applied energy level to increase the conductivity of the first portion of the deposited metallic
nanoparticle material to create a conductive circuit structure;

selectively illuminating a second portion of the deposited metallic nanoparticle material at
a second applied energy level to create a resistive circuit structure, the second applied energy level
being less than the first applied energy level.
2. The method of claim 1, comprising selectively illuminating a third portion of the deposited
metallic nanoparticle material adjacent the second portion at a third applied energy level to create
a gradient resistive circuit structure including the second and third illuminated portions of the
metallic nanoparticle material, the third applied energy level being less than the second applied
energy level.
3. The method of claim 2, comprising gradually transitioning applied energy from the second
applied energy level to the third applied energy level while illuminating the second and third
portions of the deposited metallic nanoparticle material to create the gradient resistive circuit
structure including the second and third illuminated portions of the metallic nanoparticle material.
4. The method of claim 3, wherein gradually transitioning the applied energy from the second
applied energy level to the third applied energy level includes gradually lowering a power level of
an illumination source while scanning light across the second and third portions of the deposited
metallic nanoparticle material.
5. The method of claim 3, wherein gradually transitioning the applied energy from the second
applied energy level to the third applied energy level includes gradually increasing a scan rate of
an illumination source while scanning light across the second and third portions of the deposited
metallic nanoparticle material.
6. The method of claim 3, wherein the metallic nanoparticle material is deposited globally
over the surface; further comprising removing non-illuminated portions of the deposited metallic

nanoparticle material following selective illumination of the first, second and third portions of the
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deposited metallic nanoparticle material.
7. The method of claim 2:

wherein selectively illuminating the first portion of the deposited metallic nanoparticle
material at the first applied energy level includes controlling a power level of an illumination
source at a first power level while scanning light across the first portion of the deposited metallic
nanoparticle material;

wherein selectively illuminating the second portion of the deposited metallic nanoparticle
material at the second applied energy level includes controlling the power level of the illumination
source at a second power level while scanning light across the second portion of the deposited
metallic nanoparticle material, the second power level being less than the first power level; and

wherein selectively illuminating the third portion of the deposited metallic nanoparticle
material at the third applied energy level includes controlling the power level of the illumination
source at a third power level while scanning light across the third portion of the deposited metallic
nanoparticle material, the third power level being less than the second power level.
8. The method of claim 2:

wherein selectively illuminating the first portion of the deposited metallic nanoparticle
material at the first applied energy level includes controlling a scan rate of an illumination source
at a first scan rate while scanning light across the first portion of the deposited metallic
nanoparticle material;

wherein selectively illuminating the second portion of the deposited metallic nanoparticle
material at the second applied energy level includes controlling the scan rate of the illumination
source at a second scan rate while scanning light across the second portion of the deposited
metallic nanoparticle material, the second scan rate being greater than the first scan rate; and

wherein selectively illuminating the third portion of the deposited metallic nanoparticle
material at the third applied energy level includes controlling the scan rate of the illumination
source at a third scan rate while scanning light across the third portion of the deposited metallic
nanoparticle material, the third scan rate being less than the second scan rate.
0. The method of claim 2, wherein the metallic nanoparticle material is deposited globally
over the surface; further comprising removing non-illuminated portions of the deposited metallic
nanoparticle material following selective illumination of the first, second and third portions of the

deposited metallic nanoparticle material.
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10. The method of claim 1 wherein selectively illuminating the first portion of the deposited
metallic nanoparticle material at the first applied energy level includes controlling a power level
of an illumination source at a first power level while scanning light across the first portion of the
deposited metallic nanoparticle material; and wherein selectively illuminating the second portion
of the deposited metallic nanoparticle material at the second applied energy level includes
controlling the power level of the illumination source at a second power level while scanning light
across the second portion of the deposited metallic nanoparticle material, the second power level
being less than the first power level.
11. The method of claim 1, wherein selectively illuminating the first portion of the deposited
metallic nanoparticle material at the first applied energy level includes controlling a scan rate of
an illumination source at a first scan rate while scanning light across the first portion of the
deposited metallic nanoparticle material; and wherein selectively illuminating the second portion
of the deposited metallic nanoparticle material at the second applied energy level includes
controlling the scan rate of the illumination source at a second scan rate while scanning light
across the second portion of the deposited metallic nanoparticle material, the second scan rate
being greater than the first scan rate.
12. The method of claim 1, wherein the metallic nanoparticle material is deposited globally
over the surface; further comprising removing non-illuminated portions of the deposited metallic
nanoparticle material following selective illumination of the first and second portions of the
deposited metallic nanoparticle material.
13. A method of fabricating conductive and resistive structures, the method comprising:

depositing a nonconductive reactant material over a surface;

selectively depositing a second solution over a first portion of the deposited nonconductive
reactant material at a first amount per unit area for reacting with the reactant material to create a
conductive circuit structure;

selectively depositing the second solution over a second portion of the deposited
nonconductive reactant material at a second amount per unit area for reacting with the reactant
material to create a resistive circuit structure, the second amount per unit area being less than the
first amount per unit area.
14. The method of claim 13, comprising selectively depositing the second solution over a third

portion of the deposited nonconductive reactant material adjacent the second portion at a third
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amount per unit area for reacting with the reactant material to create a gradient resistive circuit
structure including the second and third portions, the third amount per unit area being less than the
second amount per unit area.

15. The method of claim 14, comprising gradually transitioning the deposited amount per unit
area of the second solution from the second amount per unit area to the third amount per unit area
while depositing the second solution over the second and third portions of the reactant material to
create the gradient resistive circuit structure including the second and third portions.

16. A circuit apparatus, comprising:

a planar structure;

at least one conductive structure formed from a first material on the planar structure, the
conductive structure having a conductive structure electrical resistivity;

a first resistive structure formed from the first material on the planar structure, the first
resistive structure having a first electrical resistivity greater than the conductive structure electrical
resistivity;

a second resistive structure formed from the first material on the planar structure, the
second resistive structure having a second electrical resistivity greater than the first electrical
resistivity.

17. The circuit apparatus of claim 16, comprising a gradient resistive structure formed from the
first material on the planar structure and extending along a length from a first end to a second end,
the gradient resistive structure having an electrical resistivity profile that varies along the length
distance.

18. The circuit apparatus of claim 17, wherein the electrical resistivity profile of the gradient
resistive structure varies continuously along the length distance.

19.  The circuit apparatus of claim 18, wherein the gradient resistive structure has a constant
cross sectional area along the length distance.

20.  The circuit apparatus of claim 17, wherein the gradient resistive structure has a constant

cross sectional area along the length distance.
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