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Barrier Layer for Interconnects in 3D Integrated Device 

Field of Invention 

[0001] 	The present invention relates generally to three-dimensionally integrated 

electronic devices, and more particularly to electronic devices, such as semiconductor 

devices, that are vertically bonded and electrically connected together to form three-

dimensional electronic structures. 

Background 

[0002] 	Electronic devices, such as semiconductor integrated circuits (ICs) or other 

semiconductor devices, are typically fabricated into and on a substrate, such as a 

silicon wafer, resulting in an IC area that must increase as the size and complexity of 

the IC increases. One trend in recent IC fabrication has been to increase the number 

and/or different types of ICs by vertically stacking and vertically interconnecting the 

ICs together. The vertically stacked ICs can be of different sizes, come from different 

size wafers, have different functions, be made of different materials, etc. 

[0003] 	One method for realizing the approach of vertically stacking ICs is through a 

direct bond process in which vertical interconnect structures are bonded together 

between individually stacked ICs. This approach may be accomplished by using 

conventional wafer fabrication techniques, including wafer thinning, chemical-

mechanical polishing, photolithography masking, via etching and deposition, and 

electrical interconnect and electrical trace deposition. The vertical electrical 

interconnection between stacked ICs can be formed as a result of the direct bond 

stacking, or as a result of a sequence of wafer fabrication techniques after direct 

bonded stacking. 

[0004] 	A typical direct bond process provides an electronic device substrate, such as 

a semiconductor IC substrate, having a bonding layer and vertical interconnects 

extending through the bonding layer. The vertical interconnects are connected to 

electrical traces disposed on the substrate, which provide an electrical path to circuits 

or devices on the substrate. 	During the direct bond process, the bonding layer of one 

electronic device is contacted with the bonding layer of another electronic device, 

whereby a chemical bond may occur with or without temperature treatment. In 

addition, exposed portions of the vertical interconnects of the first electronic device 

are contacted with the vertical interconnects of the second electronic device to enable 
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an electrical coupling between electronic devices in the vertically stacked electronic 

device assembly. Commonly, after the desired number of individual electronic 

devices have been vertically stacked, the stacked electronic device assembly 

undergoes a relatively high-temperature treatment to cause the vertical interconnects 

from each electronic device to be sufficiently diffusion bonded together. 

Summary of Invention 

[0005] 	While vertical interconnects between each electronic device are often made 

of the same material (e.g., nickel), such interconnects are often coupled to a metal 

trace made from a dissimilar metal (e.g., aluminum). This often causes the formation 

of an intermetallic compound when the interconnect and trace materials diffuse 

together, such as during a high-temperature treatment. The resulting intermetallic 

compound (e.g., nickel alum inide) may be a relatively brittle, low density compound 

compared to the interconnect or trace material, and the lower density of the 

intermetallic compound may cause volumetric expansion in the joint region between 

the interconnect and trace. Some prior thought has been that such intermetallic 

formation is advantageous because the volumetric expansion causes the 

interconnects of two adjacent electronic devices to be put in compression, which is 

believed to enable improved contact and diffusion between the interconnect structures 

of each device. 

[0006] 	In contrast with this, an aspect of the present invention provides a barrier 

layer interposed between an electrical trace and an electrical interconnect for 

restricting interdiffusion between the interconnect and trace materials so as to prevent 

intermetallic compound formation during direct bond integration of a three-dimensional 

electronic device. 

[0007] 	More particularly, it has been recognized as an aspect of the present 

invention that formation of intermetallic compounds having poor interdiffusion 

properties, such as nickel alum inide, impedes the ability to provide a reliably functional 

vertically integrated electronic device after conducting multiple high-temperature 

treatments during direct bond processing. This is because as the number of high-

temperature treatments increases, the formation of the lower density intermetallic 

region also increases, and the expansion of the higher volumetric region at the joint 

caused by the growing intermetallic region may eventually cause separation or voids 

that interrupt the electrical path between trace and interconnect. 	Moreover, the 
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formation of such an intermetallic compound is typically an uncontrolled process, 

which impairs the ability to predict the long-term functionality of the device. 

[0008] 	It is commonly understood that the economic success of a direct bond 

approach to vertically stacked electronic device assemblies often depends on the yield 

and cost associated with the vertical stacking and interconnection process. Typically, 

to ensure that the stacked electronic device assembly is fully functional, testing is 

conducted after the desired number of stacked electronic devices have been 

permanently bonded via the final high-temperature treatment. However, such an 

approach can often lead to unnecessary process waste, as even one flawed electronic 

device out of many good electronic devices in the stacked assembly may cause the 

entire vertically integrated electronic device to be scrapped. 

[0009] 	By providing the exemplary barrier layer and preventing the formation of the 

intermetallic compound between interconnect and trace, multiple high-temperature 

treatments may be achieved, for example after stacking each individual electronic 

device, thereby enabling the ability to functionally test and detect failures in the 

stacked electronic device assembly much earlier in the process compared to the 

conventional method. By detecting flaws earlier in the process, scrap may be 

reduced, and the yield and cost to vertically stack and interconnect such integrated 

electronic devices may be improved over the conventional method. 

[0010] 	According to an aspect of the invention, a method of forming an electronic 

device, includes: (i) forming an electrically conductive trace on a substrate; (ii) forming 

a barrier layer on the electrically conductive trace; and (iii) forming one or more 

electrically conductive interconnects on the barrier layer. 

[0011] 	The electrically conductive trace and the one or more electrically conductive 

interconnects may be made from different metals or metal alloys that are capable of 

forming an intermetallic compound having poor interdiffusion properties. The barrier 

layer may be configured to prevent formation of such an intermetallic compound, while 

still enabling electrical communication between the trace and interconnect structures. 

[0012] 	According to another aspect of the invention, an integration method for an 

electronic device may include: (i) preparing a first electronic device having a first 

substrate, which may include: (a) forming a first electrically conductive trace overlying 

at least a portion of the first substrate, (b) forming a first barrier layer overlying at least 

a portion of the first electrically conductive trace, (c) forming one or more first 

electrically conductive interconnects in contact with the first barrier layer, and (d) 
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forming a first bonding layer overlying at least a portion of the first electrically 

conductive trace and at least partially surrounding the one or more first interconnects. 

The integration method may further include: (ii) preparing a second electronic device 

having a second substrate, one or more second electrically conductive interconnects, 

and a second bonding layer; (iii) contacting the one or more first interconnects with the 

one or more second interconnects; and (iv) contacting the first bonding layer with the 

second bonding layer. 

[0013] 	Embodiments of the invention may include one or more of the following 

additional features separately or in combination. 

[0014] 	For example, the integration method may further include: (i) bonding the first 

bonding layer to the second bonding layer; and (ii) bonding via temperature treatment 

the one or more first interconnects to the one or more second interconnects, whereby 

diffusion occurs between the one or more first interconnects and the one or more 

second interconnects. 

[0015] 	The integration method may further include: (i) forming a second electrically 

conductive trace on at least a portion of the second substrate; (ii) forming a second 

barrier layer on at least a portion of the second electrically conductive trace; (iii) 

forming the one or more second electrically conductive interconnects in contact with 

the second barrier layer; and (iv) forming the second bonding layer on at least a 

portion of the second trace and at least partially surrounding the one or more second 

interconnects. 

[0016] 	The integration method may further include: (i) preparing an opposite side of 

the second electronic device, which may include: (a) forming a third electrically 

conductive trace overlying at least a portion of the second substrate opposite the 

second electrically conductive trace; (b) forming a third barrier layer overlying at least 

a portion of the third electrically conductive trace; (c) forming one or more third 

electrically conductive interconnects in contact with the third barrier layer; and (d) 

forming a third bonding layer overlying at least a portion of the third electrically 

conductive trace and at least partially surrounding the one or more third interconnects. 

The integration method may further include: (ii) preparing a third electronic device 

having a third substrate, one or more fourth electrically conductive interconnects, and 

a fourth bonding layer; (iii) bonding via direct contact the third bonding layer to the 

fourth bonding layer; and (iv) bonding via temperature treatment the one or more third 

4 



WO 2017/200632 
	

PCT/US2017/022284 

interconnects to the one or more fourth interconnects, whereby diffusion occurs 

between the one or more third interconnects and the one or more fourth interconnects. 

[0017] 	The bonding via temperature treatment of the one or more first interconnects 

to the one or more second interconnects may result in completion of a first integration 

stacking sequence. The bonding via temperature treatment of the one or more third 

interconnects to the one or more fourth interconnects may result in completion of a 

second stacking sequence. The integration method may further include repeating N 

stacking sequences to define a vertically integrated stacked electronic device 

assembly. 

[0018] 	The vertically integrated stacked electronic device assembly may be tested 

after each bonding via temperature treatment. 

[0019] 	The integration method may further include: (i) removing a portion of the first 

and second bonding layers to expose respective outwardly addressable faces of the 

one or more first interconnects and the one or more second interconnects; and (ii) 

contacting the faces of the one or more first interconnects with the respective faces of 

the one or more second interconnects. 

[0020] 	The integration method may further include: (i) forming a first photoresist layer 

overlying at least a portion of the first barrier layer; and (ii) patterning the first 

photoresist layer to form one or more channels in the first photoresist layer. The one 

or more first interconnects may be formed in the one or more channels in the first 

photoresist layer. 

[0021] 	The integration method may further include: after patterning the first 

photoresist layer, and after forming the one or more first interconnects, removing at 

least a portion of the first photoresist layer such that the one or more first 

interconnects remain. 

[0022] 	The integration method may further include: forming a first seed layer 

overlying at least a portion of the first barrier layer, the first barrier layer being 

configured to accept formation of the first seed layer thereon. The first seed layer may 

be interposed between the first barrier layer and the one or more first interconnects. 

The first seed layer may be configured to accept formation of the one or more first 

interconnects such that at least those portions of the first seed layer in contact with the 

one or more first interconnects become an integral portion of the one or more first 

interconnects. 
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[0023] 	The integration method may further include: after forming the one or more first 

electrically conductive interconnects and before forming the first bonding layer, 

patterning the first electrically conductive trace. The patterning may remove at least a 

portion of the first electrically conductive trace and at least a portion of the first barrier 

layer. 

[0024] 	The integration method may further include: forming a first adhesion layer 

overlying at least a portion of the first substrate. The first adhesion layer may be 

interposed between the first substrate and the first electrically conductive trace. 

[0025] 	The integration method may further include: forming one or more electrically 

conductive vias through the second substrate to electrically connect the second 

electrically conductive trace with the third electrically conductive trace. 

[0026] 	The first electrically conductive trace may be made with a first metallic 

material, and the one or more first electrically conductive interconnects may be made 

with a second metallic material that is different from the first metallic material. 

[0027] 	The first barrier layer may be interposed between the first electrically 

conductive trace and the one or more first electrically conductive interconnects, the 

first barrier layer being configured to prevent interdiffusion of the one or more first 

interconnects with the first trace. 

[0028] 	The first electrically conductive trace may be made from a transition metal or 

post-transition metal, such as aluminum or aluminum alloy. 

[0029] 	The first electrically conductive interconnect may be made from a post-

transition metal or transition metal, such as copper or copper alloy. 

[0030] 	The first bonding layer may be made from a non-metallic oxide, such as 

silicon oxide. 

[0031] 	The first electrically conductive trace may be formed by physical vapor 

deposition, chemical vapor deposition, vapor phase deposition, or sputtering. 

[0032] 	The barrier layer may be formed by physical vapor deposition, chemical vapor 

deposition, vapor phase deposition, or sputtering. 

[0033] 	The one or more first interconnects may be formed by physical vapor 

deposition, chemical vapor deposition, sputtering, or electroplating. 

[0034] 	The first bonding layer may be formed by chemical vapor deposition, 

sputtering, spin-on glass process, or plasma enhanced CVD. 

[0035] 	According to another aspect of the invention, an integrated 3D electronic 

device includes a first electronic device having: a first substrate; a first plurality of 
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electrically conductive traces disposed on at least a portion of the first substrate; a first 

plurality of electrically conductive interconnects disposed in contact with the first 

plurality of electrically conductive traces; a first plurality of barrier layers interposed 

between the respective first plurality of electrically conductive traces and the first 

plurality of electrically conductive interconnects; and a first bonding layer at least 

partially overlying the first substrate and at least partially surrounding the first plurality 

of interconnects. The first plurality of barrier layers are configured to prevent 

interdiffusion between the respective first plurality of electrically conductive traces and 

the first plurality of electrically conductive interconnects. 

[0036] 	Embodiments of the invention may include one or more of the following 

additional features separately or in combination. 

[0037] 	For example, the integrated 3D electronic device may further include a 

second electronic device having: a second substrate; a second plurality of electrically 

conductive traces disposed on at least a portion of the second substrate; a second 

plurality of electrically conductive interconnects disposed in contact with the second 

plurality of electrically conductive traces; a second plurality of barrier layers interposed 

between the respective second plurality of electrically conductive traces and the 

second plurality of electrically conductive interconnects; and a second bonding layer 

at least partially overlying the second substrate. The second plurality of barrier layers 

are configured to prevent interdiffusion between the respective second plurality of 

electrically conductive traces and the second plurality of electrically conductive 

interconnects. 

[0038] 	The first bonding layer may be bonded to the second bonding layer, and at 

least one of the first plurality of interconnects may be diffusion bonded to at least one 

of the second plurality of interconnects. 

[0039] 	The first plurality of barrier layers may be configured to accept formation of 

respective first seed layers thereon. The first seed layers may be compatible with the 

first plurality of electrically conductive interconnects for promoting electrodeposition of 

the respective first plurality of electrically conductive interconnects, such that the first 

seed layers may thereby form respective integral portions of the first plurality of 

electrically conductive interconnects. 

[0040] 	At least one of the first plurality of electrically conductive traces and the 

second plurality of electrically conductive traces may be made from aluminum or 

aluminum alloy. 
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[0041] 	At least one of the first plurality of electrically conductive interconnects and 

the second plurality of electrically conductive interconnects may be made from nickel 

or nickel alloy. 

[0042] 	At least one of the first plurality of barrier layers and the second plurality of 

barrier layers may be made from titanium nitride, titanium tungsten, tantalum, and/or 

tantalum nitride. 

[0043] 	At least one of the first bonding layer and the second bonding layer may be 

made from an oxide, such as a non-metal oxide, for example silicon oxide. 

[0044] 	The following description and the annexed drawings set forth certain 

illustrative embodiments of the invention. These embodiments are indicative, 

however, of but a few of the various ways in which the principles of the invention may 

be employed. Other objects, advantages and novel features according to aspects of 

the invention will become apparent from the following detailed description when 

considered in conjunction with the drawings. 

Brief Description of the Drawings 

[0045] 	The annexed drawings, which are not necessarily to scale, show various 

aspects of the invention. 

[0046] 	Figs. 1A-1J are schematic cross-sectional views depicting exemplary process 

steps of forming an exemplary electronic device according to the invention. 

[0047] 	Figs. 2A-2B are schematic cross-sectional views depicting exemplary process 

steps of stacking the electronic device of Fig. 1J with another exemplary electronic 

device. 

[0048] 	Fig. 3 is a schematic cross-section of the stacked electronic device assembly 

of Fig. 2B including vias and additional layers prepared for an additional stacking 

sequence. 

[0049] 	Fig. 4 is a schematic cross-section of an exemplary vertically integrated 

electronic device including the stacked electronic device assembly of Fig. 3 stacked 

with another exemplary electronic device. 

[0050] 	Fig. 5 is a flow diagram of an exemplary process for preparing, stacking, and 

testing an exemplary integrated electronic device. 

[0051] 	Fig. 6 is a schematic cross-section of an exemplary vertically integrated 3D 

electronic device. 
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Detailed Description 

[0052] 	An exemplary electronic device integration method and exemplary integrated 

electronic device are disclosed. The integration method may include the steps of 

preparing a first electronic device, such as a semiconductor IC, by forming an 

electrically conductive trace overlying a substrate, forming a barrier layer overlying the 

electrically conductive trace, forming one or more electrically conductive interconnects 

on the barrier layer, and forming a bonding layer overlying the trace and/or at least 

partially surrounding the one or more interconnects. The barrier layer is configured to 

prevent formation of an intermetallic compound between the trace and interconnect 

structures, while still enabling electrical communication between the trace and 

interconnect. The integration method may further include the steps of direct bonding 

the first electronic device to a second electronic device, direct bonding a third 

electronic device to the second electronic device, and so on. A high-temperature 

treatment and functional testing of the vertically integrated electronic device may be 

conducted after each stack sequence. 

[0053] 	The principles of the present invention have particular application to electronic 

devices such as vertically integrated semiconductor integrated circuit (IC) devices, 

including application specific integrated circuits (ASICs), memory chips, monolithic 

microwave integrated circuits (MMICs), etc., and will be described below chiefly in this 

context. 	It is understood, however, that principles of this invention may be applicable 

to other electronic devices where it is desirable to provide a barrier layer interposed 

between an electrical trace and an electrical interconnect for electrically connecting 

and vertically integrating stacked layers of a direct bonded electronic device so as to 

prevent the detrimental effects of intermetallic compound formation between the 

electrical interconnects and electrical trace. 	Non-limiting examples of these other 

electronic devices include non-semiconductor devices, such as passive radio 

frequency (RF) circuits (for example, filters or antenna arrays), or other semiconductor 

devices, such as diodes, photocells, transistors, sensors, and the like. The exemplary 

method of forming the exemplary electronic device may also be applicable to vertically 

integrating both active and passive electronic devices. 

[0054] 	In the discussion above and to follow, the terms "upper", "lower", "top", 

"bottom," "left," "right," "horizontal," "vertical," etc. refer to an exemplary integrated 

electronic device as viewed in a horizontal position, as shown in Fig. 1 J, for example. 

This is done realizing that these devices can be oriented in various other positions 
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when manufactured, or when implemented in other electronic devices, or when 

packaged, etc. 

[0055] 	Turning to Figs. 1A-1J, an exemplary method of forming an exemplary 

electronic device is shown. 	In the illustrated embodiment, the electronic device is a 

semiconductor device 2. 	Referring initially to Fig. 1A, a substrate 10 is provided, and 

an electrically conductive trace 12 is formed overlying at least a portion of an upper 

planar surface of the substrate 10. Typically, the substrate 10 is made of silicon or III- 

V materials. The trace 12 is typically made of an electrically conductive metal or alloy, 

such as aluminum or aluminum alloys, copper or copper alloys, or gold. The trace 12, 

or trace layer, may be formed on the substrate 10 in a suitable manner well-known in 

the art, such as by a deposition process, which may include physical vapor deposition, 

chemical vapor deposition, plasma enhanced chemical vapor deposition, vapor phase 

deposition, electroplating, sputtering, or the like. 

[0056] 	Optionally, an adhesion layer 14 may be formed along at least a portion of the 

upper planar surface of the substrate 10 prior to forming the trace 12, as shown in the 

illustrated embodiment of Fig. 1A. The adhesion layer 14 may be configured with a 

suitable thickness and may be made of a suitable material to enable improved 

adhesion of the trace 12 to the substrate 10. 	In addition, where the trace 12 is made 

of a conductive metal, such as aluminum, the adhesion layer 14 may be configured to 

prevent diffusion of the trace 12 into the underlying substrate 10, which may prevent 

inter-level or intra-level shorts through the substrate 10, or may prevent junction 

leakage. The adhesion layer 14 may be made of titanium, titanium nitride, tantalum 

nitride, titanium tungsten, or the like. The adhesion layer 14 may have a thickness of 

about 0.005 to 0.02 microns. As shown, the adhesion layer 14 may be deposited 

directly on the substrate 10 and may be in direct contact with the trace 12. 	In this 

manner, it is understood that the term "disposed on" or "on" (or "overlying") as used 

herein, refers to direct or indirect contact of one element with another element, 

whereas the term "directly on" refers to direct contact of one element with another 

element, but not indirect contact between elements. 

[0057] 	Turning to Fig. 1B, a barrier layer 16 is formed along at least a portion of an 

upper planar surface of the trace 12 prior to depositing one or more electrically 

conductive interconnects 24 (shown in Fig. 1F). As discussed in further detail below, 

the interconnects 24 are typically made from an electrically conductive metal that is 

dissimilar from the metal that forms the trace 12. 	For example, the interconnects 24 
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may be made from a transition metal, such as nickel, or a nickel alloy, or 

copper/copper alloy, or the like. 	If the dissimilar interconnect and trace metals are in 

direct contact with each other and are allowed to interdiffuse, then an intermetallic 

compound may be formed at the interfacial joining region between the interconnect 24 

and trace 12. The resulting intermetallic compound may be a relatively brittle and/or 

low density compound compared to the interconnect or trace material, and the lower 

density of the intermetallic compound may cause volumetric expansion in the joint 

region between the interconnect 24 and trace 12. For example, where the 

interconnect 24 is made of nickel (density of 8.9 g/cc), and the trace 12 is made of 

aluminum (density of 2.7 g/cc), the resulting intermetallic compound may be nickel 

aluminide having a density of about 7.1 g/cc. The nickel aluminide intermetallic may 

be composed of NiAI, NiA13, or Ni3A1, and may exhibit poor interdiffusion properties 

resulting in the brittle and/or low density intermetallic compound. As discussed above, 

the formation of such low density intermetallic compounds may enhance expansion of 

the higher volumetric intermetallic region at the joint, which may eventually cause 

separation or voids that interrupt the electrical path between the trace 12 and 

interconnect 24. Furthermore, such brittle and/or low density intermetallic compounds 

are typically formed in an uncontrolled process, which impairs the ability to predict the 

long-term reliability of the device. 

[0058] 	As shown, the exemplary barrier layer 16 is interposed between the trace 12 

and interconnect 24, and is also configured to restrict interdiffusion between the trace 

and interconnect materials so as to prevent intermetallic compound formation 

therebetween. 	In addition, the barrier layer 16 is configured to have sufficient 

electrical conductivity (for example, greater than about 10 x 106  Siemens per meter) 

so as to promote electrical communication between the trace 12 and interconnect 24. 

The barrier layer 16 may be made from titanium, tantalum, tungsten, vanadium, or 

other refractory metal compounds. Preferably, the barrier layer 16 is made from 

titanium nitride (e.g., TiN), titanium tungsten (e.g., TiW), or tantalum nitride (e.g., TaN) 

compounds. The barrier layer 16 is preferably thick enough to prevent intermetallic 

formation, but is also preferably thin enough to prevent interruption of the electrical 

signal between trace 12 and interconnect 24. 	In this regard, the barrier layer 16 may 

have a maximum thickness that is less than the thickness of the trace 12 and/or less 

than the thickness of the interconnect 24. For example, the barrier layer 16 may have 

a thickness of about 0.005 to 0.05 microns. The barrier layer 16 may be formed on 
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the trace 12 in a suitable manner well-known in the art, such as by a deposition 

process, including physical vapor deposition, chemical vapor deposition, plasma 

enhanced chemical vapor deposition, vapor phase deposition, electroplating, 

sputtering, or the like. Although the barrier layer 16 is shown as covering the entire 

layer of the trace 12, it is understood that the barrier layer 16 may be selectively 

applied to regions of the trace 12 that are intended to be in contact with the one or 

more interconnects 24. 

[0059] 	As shown in Fig. 10, a seed layer 18 may optionally be formed along at least 

a portion of an upper planar surface of the barrier layer 16 prior to depositing the one 

or more interconnects 24 (shown in Fig. 1F). The seed layer 18 is made from a 

material that is compatible with the interconnects 24, and the seed layer 18 is used in 

a subsequent step to enable deposition of the interconnects 24 on the barrier layer 16, 

as discussed below. Preferably, the seed layer 18 is made from the same material as 

the interconnects 24 (e.g., nickel) such that the seed layer 18 may be considered a 

continuous and integral part of the vertical interconnect structure. The seed layer 18 

may have a thickness of about 0.005 to 0.05 microns, and may be formed on the 

barrier layer 16 in a suitable manner well-known in the art, such as by deposition, 

including those deposition processes described above. Where the seed layer 18 is 

utilized, the barrier layer 16 may be configured to accept formation of the seed layer 

18 thereon. 	For example, the barrier layer 16 may have a suitable thickness, a 

suitable surface preparation, a suitable composition, and/or an optimal 

crystallographic orientation for accepting formation of the seed layer 18 thereon. 	In 

this manner, the barrier layer 16 should also have suitable properties to act as an 

adhesion layer for forming and adhering the seed layer 18 or any other desired layers 

thereon. 

[0060] 	Referring to Fig. 1D, a photoresist layer 20 is deposited along at least a 

portion of the upper planar surface of the barrier layer 16, or optionally deposited 

along at least a portion of an upper planar surface of the seed layer 18 (as shown). 

The photoresist layer 20 may be deposited according to conventional methods well 

known in the art, for example by spin coating, to produce a relatively uniform layer that 

is about 0.5 to 2.5 micrometers thick. 

[0061] 	Referring to Fig. 1 E, one or more channels 22, or via holes, are formed in the 

photoresist layer 20 using conventional photolithographic patterning and/or etching 

techniques. For example, a photomask having the desired pattern for forming the 
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channels 22 may be placed over the photoresist layer 20, and UV light may be 

directed through the mask holes to expose those portions of the photoresist layer 20 

corresponding to the channels 22. Thereafter, the photoresist layer 20 may be 

developed in a conventional manner to remove those portions of the photoresist layer 

20 exposed to the UV light, whereby the channels 22 may be formed. The channels 

22 may be distributed uniformly or may be scattered in a predetermined pattern over 

the two-dimensional plane defined by the substrate 10. As shown in the illustrated 

embodiment, the channels 22 extend through the entire photoresist layer 20 to expose 

upper surface portions of the underlying seed layer 18. 

[0062] 	Referring to Fig. 1 F, the electrically conductive interconnects 24 are then 

formed in the channels 22. The interconnects 24 may be formed by an electroless 

plating process (e.g., electroless nickel plating) to fill the channels 22. 	In this manner, 

the metal for the interconnects 24 (e.g., nickel) is deposited via electroplating on the 

exposed portions of the seed layer 18 made of the same or compatible material (e.g., 

nickel), whereby the seed layer 18 becomes an integral part of the vertical 

interconnect structure. 	In this manner, it is understood that the term "electrically 

conductive interconnect," or "interconnect," or "interconnect structure" as used herein 

includes the interconnect 24 and at least that portion of the integral seed layer 18 

underlying the interconnect 24. As discussed above, the interconnects 24 (e.g., 

nickel) are typically made of a dissimilar material from the underlying trace 12 material 

(e.g., aluminum), and therefore the interconnect structures (interconnects 24 and seed 

layer 18) are disposed on the barrier layer 16 to prevent interdiffusion and formation of 

a lower density intermetallic compound (e.g., nickel alum inide) between the 

interconnects and trace. 

[0063] 	Referring to Fig. 1G, at least a portion of the photoresist layer 20 is then 

removed and the one or more interconnects 24 remain as free-standing structures 

extending away from the upper surface of the substrate 10 or, more specifically, from 

the seed layer 18. 	Following stripping of the photoresist layer 20, the electrically 

conductive trace 12 may be patterned (as shown in Fig. 1H) using standard 

photolithographic and etching techniques. For example, the trace 12 may be 

patterned into discrete segments by forming one or more channels 26 that extend 

through the various layers, including the seed layer 18, the barrier layer 16, the trace 

layer 12, and the adhesion layer 14. The trace layer 12 may be segmented in such a 

way so as to provide discrete electrical paths that contact and electrically interconnect 
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devices or circuit structures (not shown) formed on or in the substrate 10. The 

substrate 10 may also contain an integrated circuit to which the trace or traces 12 are 

connected. Optionally, the channels 26 may extend through the substrate 10 to 

segment the substrate 10 into one or more dies, which may thereafter be direct 

bonded to other semiconductor devices, as discussed below. 

[0064] 	As shown in Fig. 11, a bonding layer 28 is deposited along at least a portion of 

the upper surface of the exemplary device to cover the trace 12 and at least partially 

surround the one or more interconnects 24. The bonding layer 28 may be a conformal 

dielectric film, and preferably has a low dielectric constant, for example in the range of 

1-3. The bonding layer 28 is preferably at least as thick as the interconnects 24, but 

as thin as possible to optimize performance. The bonding layer 28 may be a non-

metallic material made from an oxide, such as a silicon oxide, for example silicon 

dioxide. The bonding layer 28 may be formed by a deposition process, including 

physical vapor deposition, chemical vapor deposition, plasma enhanced chemical 

vapor deposition, sputtering, or a spin-on glass process. 

[0065] 	Turning to Fig. 1J, a polishing process, such as chemo-mechanical polishing 

(CMP), may be used to planarize at least a portion of the upper surface of the bonding 

layer 28. 	In addition, the polishing process may expose outwardly addressable faces 

25 of one or more of the interconnects 24. As shown in the illustrated embodiment, 

the bonding layer 28 and interconnects 24 have been polished to have respective 

upper surfaces that are coplanar with each other. The height of the interconnects 24 

relative to the upper surface of the substrate 10 may also be controlled with the 

polishing process. The CMP process typically has a number of process variables 

including but not limited to the type of polishing slurry, rate of slurry addition, polishing 

pad, polishing pad oration rate, and polishing pressure. The specific type of metal for 

the interconnect 24 and/or type of non-metal for the bonding layer 28 may further 

affect the CMP process. These variables may be optimized to control the height of 

interconnects 24 and bonding layer 28 relative to the upper surface of the substrate 

10, and may also be optimized to provide optimal surface roughness for the upper 

surface of the bonding layer 28 and/or the addressable faces 25 of the interconnects 

24. 

[0066] 	In an exemplary alternate process, the bonding layer 28 may be formed prior 

to forming the interconnects 24, such that channels (e.g., 22) may be formed in the 

bonding layer 28 and the interconnects 24 may be formed in the channels of the 

14 



WO 2017/200632 
	

PCT/US2017/022284 

bonding layer 28. 	In this manner, the foregoing steps of providing the substrate 10, 

optionally forming the adhesion layer 14 overlying at least a portion of the substrate 

10, forming the electrically conductive trace 12 overlying at least a portion of the 

adhesion layer 14, and optionally forming the seed layer 18 overlying at least a portion 

of the trace 12, may all be accomplished in substantially the same way as shown and 

described with respect to Figs. 1A-1C. In the alternate process, the next step may be 

patterning the electrically conductive trace 12 using standard photolithographic and 

etching techniques, similarly to that which is shown and described with respect to Fig. 

1 H. At this point in the alternate process, the interconnects 24 have not been formed. 

Following patterning of the trace layer 12, the bonding layer 28 is formed along at 

least a portion of the upper surface of the exemplary device to cover the patterned 

trace 12, similarly to that which is shown and described with respect to Fig. 11. 

Following the formation of the bonding layer 28, channels or via holes (similar to 

channels 22) may be formed in the bonding layer using standard photolithographic 

and/or etching techniques (e.g., with the formation of a photoresist layer and selective 

etching of the channels). The channels in the bonding layer 28 may extend through 

the bonding layer 28 to expose the seed layer 18. Next, the electrically conductive 

interconnects 24 may be formed in the channels of the bonding layer 28, which may 

be accomplished in substantially the same way as that which is shown and described 

with respect to Fig. 1F. After the interconnect structures 24 have been deposited, at 

least a portion of the upper planar surface of the device may be prepared, such as by 

removing any residual photoresist and polishing the bonding layer 28, similarly to that 

which is described above to result in a device substantially as shown in Fig. 1J. 	Such 

an exemplary alternate process may be particularly advantageous where the material 

forming the electrically conductive interconnect is more compatible for deposition in a 

bonding layer (e.g., an oxide layer, such as silicon oxide), as opposed to being 

deposited in a photoresist layer. For example, nickel-based materials may be suitable 

for deposition in a photoresist layer, as discussed above, whereas copper-based 

materials may be more suitable for deposition in an oxide layer according to the 

exemplary alternate process discussed above. 

[0067] 	After the upper surfaces of the bonding layer 28 and/or the interconnects 24 

have been prepared (as shown in Fig. 1J, for example), the exemplary electronic 

device (e.g., semiconductor device 2) is ready to be vertically stacked and direct 

bonded with another electronic device. The other electronic device may be 
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substantially the same as the exemplary semiconductor device 2, or the other 

electronic device may be different. 	For example, the other electronic device may be 

another semiconductor device of a different size, have a different function, or be made 

of different materials, all of which may be selected depending on the design 

considerations as understood by those having skill in the art. 	It is further understood 

that the exemplary electronic device (e.g., semiconductor device 2) may be vertically 

stacked and direct bonded with a non-semiconductor device, or with other active or 

passive electronic devices. 

[0068] 	Turning to Fig. 2A, an exemplary second semiconductor device 4 is shown as 

being ready for contacting and direct bonding with the exemplary first semiconductor 

device 2. 	In the illustrated embodiment, the second semiconductor device 4 is 

substantially the same as the above-referenced semiconductor device 2, and 

consequently the same reference numerals are used to denote the same or similar 

structures. 	In addition, the foregoing description of the exemplary semiconductor 

device 2, including the exemplary fabrication method thereof, is equally applicable to 

the second semiconductor device 4. 

[0069] 	Referring to Fig. 2B, during the initial contacting of the two semiconductor 

devices 2, 4 at room temperature, the respective interconnects 24 are aligned, and at 

least a portion of each of the opposing surfaces of the devices 2, 4 may conform to 

each other by elastic deformation. Thereafter, direct bonding may occur between the 

opposing contact surfaces of each device 2, 4. 	In this manner, at least a portion of 

each of the opposing bonding layers 28 may bond together, and one or more of the 

opposing interconnects 24 may be contacted or bond together to form an electrical 

interconnection between the adjoining semiconductor devices 2, 4, which thereby 

forms a vertically integrated stacked semiconductor assembly 5. 

[0070] 	More specifically, as the opposing bonding layers 28 contact at room 

temperature, the contacting non-metal (e.g., silicon oxide) regions began to form a 

bond at the contact point or points. The attractive bonding force between the 

semiconductor devices 2, 4 increases as the contact chemical bonding area 

increases. The chemical bond that develops between the opposing surfaces of each 

bonding layer 28 may be a covalent bond that reacts across surface elements to form 

a high bond strength that approaches, for instance, the fracture strength of the 

semiconductor device materials. The formation of the chemical bond between 
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bonding layers 28 may be accelerated by a temperature treatment, for example, a 

low-temperature treatment of between about 150°C to about 300°C. 

[0071] 	A high-temperature treatment, for example greater than 300°C, such as about 

350°C or 400°C, may be performed during the direct bond process, for instance after 

the low-temperature chemical bonding of the non-metal oxide layer. This high-

temperature treatment may promote interdiffusion between interconnects 24, which 

may result in grain growth between interconnects and also result in a preferable low- 

resistance electrical connection. 	Furthermore, due to the malleability and ductility of 

the metal interconnects 24, the pressure generated by the device-to-device bonding 

during the high-temperature treatment may result in a compression force that further 

brings the metal interconnects 24 into intimate contact at their respective faces 25. 	In 

this manner, a strong metallic bond may be formed between the intimately contacted 

interconnects 24 due to interdiffusion or self-diffusion of metal atoms at the mating 

interface between the opposing interconnects 24. This diffusion process is 

thermodynamically driven and is increased at higher temperatures. The temperature 

increase of the high-temperature treatment may thus enhance the metal bonding, 

metal contact, metal interconnect or conduction between interconnect structures 24. 

In this regard, the high-temperature treatment may characterize completion of the 

integration stacking sequence of the first two semiconductor devices 2, 4 to form the 

vertically integrated stacked semiconductor assembly 5. 	It is understood that the 

high-temperature treatment may be carried out with a variety of heating methods, 

including but not limited to thermal, infrared, and inductive. 	Examples of thermal 

heating include oven, belt furnace, and hot plate. An example of infrared heating is 

rapid thermal annealing. 

[0072] 	Internal compression between opposing interconnects 24 may be generated 

as a result of the high-temperature treatment due to thermal expansion of the 

interconnect structures 24. For example, metals with high values of coefficient of 

thermal expansion (CTE), for example, copper, nickel, and gold, may result in more 

expansion at a given temperature. Furthermore, metals with a higher shear modulus, 

for example tungsten and nickel, will generate more stress for a given expansion. 

Metals with a high product of CTE and shear modulus, for example copper, tungsten, 

and nickel, will thus be the most effective at generating an increase in internal 

pressure with increased temperature. 	Furthermore, metals with a low yield stress, for 

example copper, nickel, and gold, preferably at very high purity, for example over 
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99.9%, are more readily deformed at lower stress and can thus result in improved 

metal bonding, metal contact, metal interconnect, and conductance between contact 

structures at lower stress. 	Interconnect structures 24 composed of metals with a high 

product of CTE and shear modulus, or high product of CTE and shear modulus 

normalized by yield stress, for example nickel, may thus be preferred to provide 

interconnect structures 24 that exhibit improved metal bonding, metal contact, metal 

interconnect, and conductance between interconnect structures as a result of internal 

compression generation with the high-temperature treatment. 

[0073] 	Turning to Fig. 3, the exemplary process may repeat again on an opposite 

side of the semiconductor device 4 (upper side, as shown) by forming an electrically 

conductive trace 12 on the top side of the substrate 10, by forming a barrier layer 16 

on the trace 12, and by forming one or more electrically conductive interconnects 24 

on the barrier layer 16, which may all be formed in the same manner as described 

above. 	In addition, an adhesion layer 14 and a seed layer 18 may also be optionally 

formed on the opposite side of the second semiconductor device 4 in the manner 

described above. 

[0074] 	As shown in the illustrated embodiment, the second semiconductor device 4 

may undergo further preparation at some point during the exemplary process to form 

one or more electrically conductive vias 30 that extend through the substrate 10. The 

electrically conductive vias 30 may be configured to electrically connect interconnects 

24 and/or traces 12 on opposite sides of the substrate 10, or may connect traces, 

circuits, devices or other features disposed in the substrate (not shown). The vias 30 

may be formed in the substrate according to known methods, for example by 

photolithography and/or etching, to form via holes which are subsequently filled with a 

conductive metal, such as copper, for example by electroplating or other deposition 

process. In exemplary embodiments, the vias 30 may be formed after completion of 

the integration stacking sequence of the first two semiconductor devices 2, 4 to form 

the vertically integrated stacked semiconductor assembly 5. 

[0075] 	Turning to Fig. 4, a third exemplary semiconductor device 6 is shown 

contacting and direct bonding with the top of the exemplary second semiconductor 

device 4. 	In the illustrated embodiment, the third semiconductor device 6 is 

substantially the same as the above-referenced first and second semiconductor 

devices 2 and 4, and consequently the same reference numerals are used to denote 

the same or similar structures. 	In addition, the foregoing description of the exemplary 
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semiconductor devices 2 and 4, including the exemplary fabrication method thereof, is 

equally applicable to the third semiconductor device 6. 	Likewise, during the initial 

contacting of the second and third semiconductor devices 4, 6 at room temperature, 

the respective opposing interconnects 24 are aligned, and the opposing surfaces of 

the devices 4, 6 may thereafter direct bond and electrically interconnect to form a 

vertically integrated three-stack semiconductor assembly 7. 

[0076] 	Advantageously, another high-temperature treatment (e.g., 350°C for 2 hours, 

as described above) may be conducted after the stacking sequence of the third 

semiconductor device 6 to the second semiconductor device 4, which may 

characterize completion of the vertically integrated three-stack semiconductor 

assembly 7. Furthermore, it is understood that any number of stacking sequences 

may be conducted in accordance with the exemplary process described above, and 

after each stacking sequence a high-temperature treatment may be conducted to 

enhance the metal bonding, metal contact, metal interconnect or conduction between 

interconnect structures 24. 

[0077] 	The barrier layers 16 interposed between the interconnects 24 and traces 12 

in each stacked layer promotes the ability to conduct multiple high-temperature 

treatments of the stacked semiconductor assembly without the detrimental effects 

associated with intermetallic growth between the interconnects 24 and traces 12. 

Specifically, as discussed above, the exemplary barrier layers 16 are configured to 

restrict interdiffusion between the interconnect and trace materials so as to prevent 

intermetallic compound formation during direct bond integration, and more specifically 

during the high-temperature treatment, of the integrated three-dimensional 

semiconductor device. Such functionality of the exemplary barrier layers 16 thus 

prevents increased formation of the intermetallic regions as the number of subsequent 

high-temperature treatments also increases. 	In contrast, if the barrier layer 16 were 

not provided between the interconnect 24 and trace 12, such as with the conventional 

approach, the increased intermetallic formation after each subsequent high-

temperature treatment could lead to increased volumetric expansion at the joint region 

between interconnect 24 and trace 12. This increasing formation of the intermetallic 

region could eventually lead to the creation of voids or separations that could interrupt 

or terminate the electrical connection between the trace 12 and interconnect 24, and 

therefore result in failure of the integrated semiconductor device. 
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[0078] 	The ability to fully functionally test the vertically integrated stacked 

semiconductor device 7 is typically provided after the high-temperature treatment in 

which the metal interconnects 24 are diffusion bonded together, preferably resulting in 

a low-resistance electrical connection between the stacked layers. Thus, by providing 

the exemplary barrier layer 16 and enabling multiple high-temperature treatments, for 

example after each stacking sequence, the ability to functionally test and detect 

failures in the stacked semiconductor assembly may be achieved much earlier in the 

process compared to the conventional method. By detecting flaws earlier in the 

process, scrap may be reduced, and the yield and cost to vertically stack and 

interconnect such integrated semiconductor devices may be improved over the 

conventional method. 

[0079] 	Fig. 5 shows a flow chart for an exemplary method of integrating a three-

dimensional (3D), i.e., stacked, electronic device, such as a 3D semiconductor device. 

The process starts at step 110. At step 120, the first electronic device is prepared, 

which generally corresponds with Figs. 1A-1J described above. At step 130, the 

second electronic device is prepared, which may also generally correspond with the 

same process steps shown in Figs. 1A-1J. At step 140, the electronic devices are 

direct bonded together, preferably with the high-temperature treatment, which 

generally corresponds with Figs. 2A-2B described above. At step 150, the vertically 

electrically integrated stacked electronic device assembly is tested, which may be 

accomplished after each high-temperature treatment, as discussed above. At step 

160, a decision is made whether additional electronic devices are to be prepared. 	If 

yes, then an additional Nth electronic device (e.g. third semiconductor device 6) is 

prepared at step 170, and the opposite side of the previously prepared electronic 

device (e.g., second semiconductor device 4) is also prepared, as shown and 

described with respect to Figs. 3 and 4. 	If additional electronic devices are not 

required, then the process may end at step 180. 

[0080] 	Fig. 6 is a schematic cross-sectional view of another exemplary integrated 

electronic device 200. The electronic device 200 may be fabricated according to the 

foregoing exemplary method(s) for fabricating the above-referenced integrated 

semiconductor device 7, and consequently the same reference numerals but indexed 

by 200 are used to denote structures corresponding to similar structures in the 

integrated semiconductor devices, except as noted below. 	In addition, the foregoing 
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description of the integrated semiconductor device 7 is equally applicable to the 

integrated semiconductor device 200. 

[0081] 	As shown in the illustrated embodiment, the integrated electronic device 200 

includes seven stacked layers of individual electronic devices A-G, which may include 

semiconductor devices, non-semiconductor devices, active electronic devices, and/or 

passive electronic devices, etc. Each layer A-G may include a substrate 210, an 

electrically conductive trace 212 disposed along at least a portion of the substrate 

210, an electrically conductive interconnect 224 disposed along at least a portion of 

the trace 212, and a barrier layer 216 interposed between the interconnect 224 and 

trace 212. As shown, each layer A-G may include a plurality of traces 212, a plurality 

of interconnects 224, and a plurality of barrier layers 216 interposed between the 

respective pluralities of interconnects 224 and traces 212. 	In addition, each layer A-G 

may include electrically conductive vias 230 that electrically connect traces 212 on 

opposite sides of each substrate 210. As discussed above, each electronic device A- 

G may be direct bonded together by contacting opposing non-metal (e.g., silicon 

dioxide) bonding layers 228 and may be electrically interconnected by contacting and 

bonding opposing metal (e.g., nickel) interconnects 224. 

[0082] 	As shown, the respective electronic devices A-G may have different 

configurations and may achieve different functions. 	For example, in the illustrated 

embodiment, the first electronic device layer A represents a ground layer. The second 

electronic device layer B represents a distribution network layer. The third electronic 

device layer C represents another ground layer. The fourth electronic device layer D 

represents a stripline transmission line layer and a ground layer. 	The fifth electronic 

device layer E represents two grounds. The sixth electronic device layer F represents 

an interconnection layer. The seventh electronic device layer G represents an 

antenna layer. 

[0083] 	Although the invention has been shown and described with respect to a 

certain embodiment or embodiments, it is obvious that equivalent alterations and 

modifications will occur to others skilled in the art upon the reading and understanding 

of this specification and the annexed drawings. 	In particular regard to the various 

functions performed by the above described elements (components, assemblies, 

devices, compositions, etc.), the terms (including a reference to a "means") used to 

describe such elements are intended to correspond, unless otherwise indicated, to 

any element which performs the specified function of the described element (i.e., that 
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is functionally equivalent), even though not structurally equivalent to the disclosed 

structure which performs the function in the herein illustrated exemplary embodiment 

or embodiments of the invention. 	In addition, while a particular feature of the invention 

may have been described above with respect to only one or more of several illustrated 

embodiments, such feature may be combined with one or more other features of the 

other embodiments, as may be desired and advantageous for any given or particular 

application. 
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Claims 

 What is claimed is:  

 

1.  An integration method for an electronic device comprising:  

preparing a first electronic device having a first substrate, including the 

following sequential steps: 

(i) forming a first electrically conductive trace overlying at least a portion 

of the first substrate,  

(ii) forming a first barrier layer overlying at least a portion of the first 

electrically conductive trace,  

(iii) forming one or more first electrically conductive interconnects in 

contact with the first barrier layer,  

(iv) patterning the first electrically conductive trace, wherein the 

patterning removes at least a portion of the first electrically conductive trace 

and at least a portion of the first barrier layer, and  

(v) forming a first bonding layer overlying at least a portion of the first 

electrically conductive trace and overlying at least a portion of the first 

barrier layer, and at least partially surrounding the one or more first 

electrically conductive interconnects; 

preparing a second electronic device having a second substrate, one or more 

second electrically conductive interconnects, and a second bonding layer; 

contacting the one or more first electrically conductive interconnects with the 

one or more second electrically conductive interconnects; and 

contacting the first bonding layer with the second bonding layer. 

   

 2. The integration method according to claim 1, further comprising: 

 bonding the first bonding layer to the second bonding layer; and 

 bonding via temperature treatment the one or more first electrically conductive 

interconnects to the one or more second electrically conductive interconnects, 

whereby diffusion occurs between the one or more first electrically conductive 

interconnects and the one or more second electrically conductive interconnects. 

 

 3.  The integration method according to claim 1, wherein the preparing the 

second electronic device further comprises the following sequential steps:  
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(i) forming a second electrically conductive trace overlying at least a portion of 

the second substrate;  

(ii) forming a second barrier layer overlying at least a portion of the second 

electrically conductive trace;  

(iii) forming the one or more second electrically conductive interconnects in 

contact with the second barrier layer; and  

(iv) forming the second bonding layer overlying at least a portion of the second 

electrically conductive trace and overlying at least a portion of the second barrier 

layer, and at least partially surrounding the one or more second electrically conductive 

interconnects.  

 

4. The integration method according to claim 3, comprising:   

preparing a side of the second electronic device opposite a side of the second 

electronic device on which the one more second electrically conductive interconnects 

is formed, including the following sequential steps: 

(i) forming a third electrically conductive trace overlying at least a portion 

of the second substrate opposite the second electrically conductive trace; 

(ii) forming a third barrier layer overlying at least a portion of the third 

electrically conductive trace;  

(iii) forming one or more third electrically conductive interconnects in 

contact with the third barrier layer; and  

(iv) forming a third bonding layer overlying at least a portion of the third 

electrically conductive trace and overlying at least a portion of the third 

barrier layer, and at least partially surrounding the one or more third 

electrically conductive interconnects; and 

preparing a third electronic device having a third substrate, one or more fourth 

electrically conductive interconnects, and a fourth bonding layer; 

bonding via direct contact the third bonding layer to the fourth bonding layer; 

and 

bonding via temperature treatment the one or more third electrically conductive 

interconnects to the one or more fourth electrically conductive interconnects, whereby 

diffusion occurs between the one or more third electrically conductive interconnects 

and the one or more fourth electrically conductive interconnects.  
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 5. The integration method according to claim 4, further comprising:  

bonding the first bonding layer to the second bonding layer; and 

bonding via temperature treatment the one or more first electrically conductive 

interconnects to the one or more second electrically conductive interconnects, 

whereby diffusion occurs between the one or more first electrically conductive 

interconnects and the one or more second electrically conductive interconnects; 

wherein the bonding via temperature treatment of the one or more first 

electrically conductive interconnects to the one or more second electrically conductive 

interconnects results in completion of a first integration stacking sequence;  

wherein the bonding via temperature treatment of the one or more third 

electrically conductive interconnects to the one or more fourth electrically conductive 

interconnects results in completion of a second stacking sequence; and 

wherein the integration method further comprises forming at least one 

additional device by the following steps:  

forming an additional electrically conductive trace;  

forming an additional barrier layer on the additional electrically conductive 

trace;  

forming one or more additional electrically conductive interconnects on the 

additional barrier layer;  

forming an additional bonding layer overlying at least a portion of the additional 

electrically conductive trace and at least partially surrounding the one or more 

additional electrically conductive interconnects to define a vertically integrated stacked 

electronic device assembly.  

 

6. The integration method according to claim 1, further comprising: 

removing a portion of the first bonding layer to expose respective outwardly 

addressable faces of the one or more first electrically conductive interconnects and 

removing a portion of the second bonding layer to expose respective outwardly 

addressable faces of the one or more second electrically conductive interconnects; 

and 

contacting the respective outwardly addressable faces of the one or more first 

electrically conductive interconnects with the respective outwardly addressable faces 

of the one or more second electrically conductive interconnects. 
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 7. The integration method according to claim 1, further comprising:  

after the forming the first barrier layer and before the forming the one or more 

first electrically conductive interconnects, performing the following sequential steps:  

(i) forming a first photoresist layer overlying at least a portion of the first 

barrier layer; and 

(ii) patterning the first photoresist layer to form one or more channels in 

the first photoresist layer;  

wherein the one or more first electrically conductive interconnects are formed in 

the one or more channels in the first photoresist layer.  

 

8. The integration method according to claim 7, further comprising:  

 after the patterning the first photoresist layer, after the forming the one or more 

first electrically conductive interconnects, and before the forming the first bonding 

layer, performing the following step: 

removing at least a portion of the first photoresist layer such that the one or 

more first electrically conductive interconnects remain. 

 

 9. The integration method according to claim 1, further comprising: 

 forming a first seed layer overlying at least a portion of the first barrier layer, the 

first barrier layer being configured to accept formation of the first seed layer thereon;  

wherein the first seed layer is configured to accept formation of the one or more 

first electrically conductive interconnects such that at least those portions of the first 

seed layer in contact with the one or more first electrically conductive interconnects 

become an integral portion of the one or more first electrically conductive 

interconnects.  

   

10. The integration method according to claim 1, further comprising:  

 forming a first adhesion layer overlying at least a portion of the first substrate;  

wherein the first adhesion layer is interposed between the first substrate and 

the first electrically conductive trace. 

.  

 11. The integration method according to claim 4, comprising:  
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 forming one or more electrically conductive vias through the second substrate 

to electrically connect the second electrically conductive trace with the third electrically 

conductive trace.  

 

12. The integration method according to claim 1,  

wherein the first electrically conductive trace is made with a first metallic 

material;  

wherein the one or more first electrically conductive interconnects are made 

with a second metallic material that is different from the first metallic material; and 

wherein the first barrier layer is interposed between the first electrically 

conductive trace and the one or more first electrically conductive interconnects, the 

first barrier layer being configured to prevent interdiffusion of the one or more first 

electrically conductive interconnects with the first electrically conductive trace.   

 

13.  The integration method according to claim 12,  

wherein the one or more first electrically conductive interconnects are made 

from a transition metal; and 

wherein the first bonding layer is made from a non-metallic oxide. 

 

14.    The integration method according to claim 1,  

wherein the first electrically conductive trace is formed by physical vapor 

deposition, chemical vapor deposition, vapor phase deposition, or sputtering;  

wherein the first barrier layer is formed by physical vapor deposition, chemical 

vapor deposition, vapor phase deposition, or sputtering;  

wherein the one or more first electrically conductive interconnects are formed 

by physical vapor deposition, chemical vapor deposition, sputtering, or electroplating; 

and  

wherein the first bonding layer is formed by chemical vapor deposition, 

sputtering, spin-on glass process, or plasma enhanced CVD. 

 

15.     An integration method for an electronic device comprising:  

preparing a first electronic device having a first substrate, the preparing the first 

electronic device including the following sequential steps: 

(i) forming a first electrically conductive trace overlying at least a portion of the 
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first substrate;  

(ii) forming a first barrier layer overlying an entire upper surface of the first 

electrically conductive trace;  

(iii) forming a first photoresist layer overlying at least a portion of the first barrier 

layer;  

(iv) etching the first photoresist layer to form one or more channels in the first 

photoresist layer;  

(v) forming one or more first electrically conductive interconnects in the one or 

more channels in the first photoresist layer, the one or more first electrically 

conductive interconnects overlying at least a portion of the first barrier layer; 

(vi) removing at least a portion of the first photoresist layer such that the one or 

more first electrically conductive interconnects remain;  

(vii) patterning the first electrically conductive trace by removing one or more 

portions of the first electrically conductive trace and one or more portions of the first 

barrier layer; and 

(viii) forming a first bonding layer overlying at least a portion of the first 

electrically conductive trace and overlying at least a portion of the first barrier layer, 

and at least partially surrounding the one or more first electrically conductive 

interconnects. 

 


