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(57) Abstract: A multilayer device includes a substrate and a first layer disposed on the substrate. A trench extends through one oro both of the substrate and the first layer. The trench has a first sidewall spaced apart from a second sidewall, each sidewall extending
from an upper surface of the substrate to a lower surface of the first layer. An optically active region is disposed on the first layer
overlying the trench, such that at least a portion of the optically active region is located within a set of lines corresponding to the
sidewalls of the trench.



HYBRID MULTILAYER DEVICE

BACKGROUND

[0001] Heteroepitaxy is epitaxy performed with materials that have different

physical properties. Silicon (Si) has become a widely used semiconductor, in particular

for microelectronic systems. As Si does not emit photons efficiently, heteroepitaxial

growth of optical gain materials, e.g., Ill-V compound semiconductors, directly on a Si

substrate has been a goal for both industry and academia. However, heteroepitaxial

growth of Ill-V compound semiconductors on Si can result in a number of detrimental

defects, such as threading dislocations, due to lattice and/or thermal mismatch. The

dislocations originate at the lll-V/Si growth interface and can propagate into the optical

gain material toward the active region, tending to reduce the life and performance of the

system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] FIG. 1 illustrates an example of a hybrid multilayer device.

[0003] FIG. 2 illustrates another example of a hybrid multilayer device.

[0004] FIGS. 3 to 9 illustrate an example method that can be employed to

manufacture a hybrid multilayer device.

[0005] FIGS. 10 to 14 illustrate another example method that can be employed to

manufacture a hybrid multilayer device.

[0006] FIG. 15 illustrates an example platform including a hybrid multilayer

device.

[0007] FIG. 16 illustrates a cross sectional view of the example platform of FIG.

15 .

DETAILED DESCRIPTION

[0008] This disclosure relates to a hybrid multilayer device and methods to

fabricate a hybrid substrate, such can enable high-quality heteroepitaxy. As an

example, the device can include a substrate and a first layer disposed on the substrate.



A trench can extend through (e.g., partially or completely) one or both of the substrate

and the first layer. The trench has respective sidewalls spaced apart from each other

that extend between opposed surfaces, which surfaces correspond to layers of the

substrate and the first layer. For example, the trench is dimensioned and configured

such that the distance between the sidewalls (e.g., its width) is greater than a distance

(e.g., its height) between the surfaces between which the sidewalls extend. An optically

active region resides (e.g., is formed or otherwise attached) on the first layer overlying

the trench, such that at least a portion of the optically active structure is located in

overlying relationship within a boundary defined by the sidewalls of the trench. In some

examples a wafer bonding process can be used to affix a template, corresponding to

the first layer, onto the substrate with a shallow trench. Heteroepitaxy can be employed

to create a free-standing, defect-free region for a variety of heterogeneous devices,

such as the optically active region.

[0009] As used herein, heteroepitaxy (e.g., monolithic integration) refers to a

technique to integrate different materials in layers for specific functions and enhanced

device performance. In heteroepitaxy, a crystalline film is applied to a crystalline

substrate or film of a different material. This technology is often used to fabricate

integrated crystalline layers of different materials, for example, in fabrication of a

multilayer integrated circuit.

[0010] FIG. 1 illustrates a hybrid multilayer device 100 that can substantially

eliminate defects associated with lattice and/or thermal mismatch in an area on the

layered device corresponding to, for example, an active region. In the example of

FIG. 1, substrate 120 is provided with a trench 110 formed by, for example, lithography

and etching. Depending on the desired application, the trench 110 can be straight,

curved, or other useful shape. The trench can be formed in the substrate 120 and/or in

an adjacent layer that is fixed to the substrate. The substrate 120 can be made from,

for example, Si, sapphire, germanium, gallium compounds or other suitable materials.

A first layer 130 is disposed above the substrate 120, such that substrate 120 and first

layer 130 make contact on both sides of the trench 110 yet no contact is made between

layers surrounding the trench 110 . The layer 130 can be a lll-V compound

semiconductor. By the above configuration in the device 100, defects (characterized by



non-uniform lines) designated by 160, can be limited to interfacial regions between

substrate 120 and first layer 130 outside of the region defined by the spatial boundary of

the trench. Thus, a freestanding region 150 is disposed on first layer 130 in an

overlying relationship within the opposed sidewalls of trench 110 . In the example of

FIG. 1, the region 150 can be spaced apart from the trench sidewall boundaries,

demonstrated by distance 180, such that the region is placed away from defects 160. In

other examples, a portion of the freestanding region can extend beyond the trench

sidewall boundaries, as a substantial portion of the active region remains within the

trench sidewall boundaries, as shown in FIG. 2 .

[001 1] As shown in the example of FIG. 1, the area where substrate 120 and first

layer 130 are in direct contact (e.g., the interfacial region) may form some dislocation

defects 160. However, the freestanding region 150 overlaying the trench 110 will

remain substantially defect-free. As additional layers may be provided, e.g., epitaxial

growth providing active layer 140 to enable photonic devices, defects 160 may

propagate upward into first layer 130 and through the junction where the substrate 120

and first layer 130 make contact. Certain types of electrical circuitry (e.g., transistors,

terminals, conductors, etc.) can be fabricated to operate without issue even with

ingrowth of such defects. An active heterogeneous device can be integrated over the

region 150 away from possible defects 160. Further, first layer 130 may be formed with

a trench to enhance the trench 110 within substrate 120 or eliminate the need for the

substrate 120 to contain a trench altogether.

[0012] FIG. 2 illustrates another example hybrid multilayer device 102, e.g., a

laser, that can substantially eliminate defects associated with lattice and/or thermal

mismatch in a layered device. In the example of FIG. 2 , substrate 122 is provided with

a trench 112 that can be formed in a manner similar to trench 110 described with

respect to FIG. 1. A first layer 132 is disposed above the substrate 122, with one or

more layers 134 disposed thereon. The layers 132 and 134 can be, for example, a lll-V

compound semiconductor. Defects characterized by non-uniform lines designated by

162, can be substantially limited to interfacial regions between substrate 122 and first

layer 132 outside of the region defined by the spatial boundary of the trench.



[0013] In the example of FIG. 2 , a lll-V compound semiconductor mesa 152 can

be formed with physical boundaries that extend beyond the trench sidewall boundaries,

such that a central portion of the mesa 152 is located away from defects 162. In this

example, a device that is incorporated with mesa 152 can benefit from a defect-free

active region even though the physical width of the mesa 152 is larger than trench 112

below. The device is able to operate substantially free from defects in this arrangement

by including a region 170, designated with an "H+", as a proton implanted region that is

substantially electrically resistant (e.g., high impedance). As a result, injected carriers

will not pass through region 170 but be forced to flow through a path of lower electrical

resistance. The path followed by the injected carriers is depicted as a bold arrow with a

"+" flowing from a p-junction 138 and directed toward an active layer 142.

[0014] In the example of FIG. 2 , portions of region 170 are located above the

interface of the substrate 122 and first layer 132. Thus, as portions of the mesa 170 are

directly over the interface, dislocations 162 can potentially propagate into the mesa 152.

However, the region 170 confines the flow of injected carriers to a central portion of the

mesa 152, away from possible dislocations. Therefore, the injected carriers recombine

with carriers from n-junctions 136 at a location toward the center of the mesa 152, as

depicted by bold arrows with a The injected carriers then emit photons in a

concentrated region at the center of the mesa 152, mitigating possible interference from

defects 162. In other words, provided that the flow of the injected carriers is directed to

a portion of the mesa 170 that lies above the trench 112 , device operation may not be

adversely affected by possible dislocations 162. Accordingly, a hybrid multilayer device

may have an area with lateral dimensions within the sidewall boundary of the trench

below, as illustrated in FIG. 1, can have lateral dimensions similar to the trench below,

or can have lateral dimensions that extend beyond the sidewall boundary of the trench

below, as illustrated in FIG. 2 .

[0015] In view of the foregoing structural and functional features described

above, example methods of making a hybrid multilayer device (e.g., the device 100 of

FIG. 1) will be better appreciated with reference to FIGS. 3-1 4 . In the examples of

FIGS. 3-1 4 , various types of process parameters can be utilized at various steps

according to application requirements and the structures being fabricated and materials



used in such fabrication. While, for purposes of simplicity of explanation, the methods

of FIGS. 3-14 are shown and described as executing serially, the methods are not

limited by the illustrated order, as some actions could in other examples occur in

different orders and/or concurrently from that shown and described herein.

[0016] FIGS. 3-9 describe one example of a method to fabricate a hybrid

multilayer device (e.g., corresponding to the device 100). The method described in

FIGS. 3-9 can combine a wafer bonding process with heteroepitaxy to result in a hybrid

multilayer device with a free-standing region above the substrate that is and remains

substantially defect free. Compared to heteroepitaxy, the wafer bonding process does

not require a substantial lattice match between two layers. Further, wafer bonding can

be a less complex and costly process than traditional heteroepitaxy. In the described

example method of FIGS. 3-9, although defects due to lattice match are substantially

eliminated, modest thermal expansion cannot be ignored as strong wafer bonding may

require elevated temperatures to properly anneal the bonding agent for attaching the

respective layers. Thus, in this example, the wafer bonding process is combined with a

trench upon which the active region rests in order to avoid thermal defects at the

bonding interface.

[0017] FIG. 3 provides a substrate 200, e.g., corresponding to the substrate 120

of FIG. 1. FIG. 4 illustrates the substrate 200 subject to an etching process in order to

create at least a portion of a trench. For example, a photoresist 2 10 or other masking

material can be used to define the dimensions of a trench 205, as shown in FIG. 5 . The

photoresist 2 10 may be formed over the substrate 200 via conventional spin-coating or

spin casting deposition techniques. For example, photoresist 2 10 is patterned using

conventional techniques to form a mask for the trench 205. That is, the patterned

photoresist 2 10 can serve as an etch mask layer for processing or etching the

underlying silicon substrate 200. For example, the trench can be formed via etching,

such as a reactive ion etching (RIE). For example, a silicon substrate can be

anisotropically etched with one or more plasma gases, such as carbon tetrafloride (CF4)

containing fluorine ions, in a commercially available etcher, such as a parallel plate RIE

apparatus or, alternatively, an electron cyclotron resonance (ECR) plasma reactor to

replicate the mask pattern of a patterned photoresist layer. The trench 205 can be



dimensioned and configured to have a width that is greater than a depth of the device.

In some examples, the trench can extend completely through the substrate layer include

a plurality of elongate sections formed in the substrate 200 via one or more similar

etching processes.

[0018] Subsequent to the etching process, the first layer 230 is bonded to the

substrate 200 by a bonding agent 240, resulting in the layered structure shown in FIG.

5 . The wafer-bonding step can include hydrophobic, hydrophilic, polymer, metal

bonding, or the like.

[0019] In some examples the trench 205 can be wholly formed in the substrate.

As illustrated in FIG. 6 , the trench 205 can be defined by sidewalls 206 and 208 that

extend from a surface 202 within the substrate 200 and terminate in an adjacent surface

204 of the first layer 230. In other examples, the trench 205 can be partially formed in

the layer 230 and partially formed in the substrate 200 such that the sidewalls of the

trench are aligned as the layers 200 and 230 are bonded together as to form continuous

sidewalls for the trench. In yet another example, the trench 205 can be formed wholly

within the first layer 230, bounded by the adjacent surface of the substrate 200 (e.g., the

surface to which the layer 230 is bonded.

[0020] Although demonstrated as substantially parallel, the sidewalls 206 and

208 may be at an angle relative to each other. Thus, one or both of the sidewalls 206

and 208 may be perpendicular to the surface 202 of the substrate and the surface 204

of the first layer 230, as demonstrated, or each of the sidewalls 206 and 208 may be at

another angle. Moreover, each of the sidewalls 206 and 208 may have the same or

different angle relative to the surface 202 of the substrate 200 and the surface 204 of

the first layer 230 or may have different angles and/or orientation. The trench 205 can

be etched to have a smooth or textured surface and may include planar surfaces or the

surfaces, in other examples, could be curved.

[0021] In FIG. 7 , epitaxial growth or the like can be employed to fabricate

additional layers of one or more active structures that are built upon first layer 230.

Fabrication can, for example, be performed by applying appropriate deposition and/or

etching techniques to a stack of materials (e.g., Ill-V semiconductor compound

materials), although the examples described are not limited to these techniques. For



example, fabrication can include epitaxially growing a stack of materials (e.g., Ill-V

semiconductor compound materials). Epitaxial growth is a technique that can be used

to fabricate various electronic and optical devices. Such devices can have a

complicated structure, which may be formed from a number of thin layers with various

compositions. Fabrication can, for example, include utilizing electronbeam lithography

to etch predetermined variations in the structure. In fabricating the hybrid multilayer

device, the layered material may have lattice and thermal characteristics that approach

the characteristics of a device active region. In other words, first layer 230 can provide

a template for additional heteroepitaxial growth for one or more specific devices (e.g.,

photodetector, laser, modulator, amplifier, photonic integrated circuits, etc.). Fabrication

can, in various examples, include the stack of materials being processed to form a

compact monolithic photonics platform by forming subsequent layers on the first layer

(e.g., via epitaxial growth, among other appropriate techniques for forming a monolithic,

integrated structure). As shown in FIG. 8 , one or more additional layers 260 can be

grown (or otherwise fabricated) upon first layer 230, such as followed by one or more

active layer 270, and one or more subsequent layers 280. The resulting structure

provides for an active device structure in a freestanding region 250, designated by a

dotted line, in overlying relationship with the trench. For instance, the active device

structure in the region 250 can reside within lateral boundaries defined by sidewalls of

the trench 205. The freestanding region 250 is therefore spatially spaced apart from the

interfacial region between the substrate 200 and first layer 230, as well as any

constituent defects that might occur in the interfacial region. A device mesa can be

formed in the freestanding region 250 by an etching process. Regrowth of the layered

material is conducted to passivate the etched interface to make high-performance

photonic components and integrated circuits.

[0022] Additional epitaxial growth and/or lithographic techniques can be applied

to result in a hybrid multilayer device, which can include one or more p-n junctions, such

as shown in FIG. 9 . Additionally, to provide for structural support, in some examples,

one or more spaced apart support structures (not shown) can be constructed below the

device (e.g., extending in the trench between upper and lower surfaces) to balance the



mechanical forces (e.g., stress and strain) in the sealed trench chamber and outside

environment.

[0023] FIGS. 10-1 4 describe another example method of producing a hybrid

multilayer device. The process described in FIGS. 10-1 4 also employs a wafer bonding

process combined with heteroepitaxy. However, in this example, two or more layers

(e.g., corresponding to at least a portion of the resulting active region) are formed

together before bonding to the substrate. In FIGS. 10-1 1, a substrate 300 and layer of

photoresist 3 10 are provided. Following etching, a trench 305 (or at least a portion

thereof) can be formed in the substrate 300. As shown in FIG. 12 , a multilayer structure

330 can be bonded to the substrate 300 by a bonding agent 340. The multilayer

structure 330 can include an active region 360 and one or more layers 370, 375, for

example. The resulting structure, shown in FIG. 13 , can then be processed by epitaxial

growth and/or other fabrication techniques (e.g., heteroepitaxy, homoepitaxy or the like).

The completed hybrid multilayer device, as shown in FIG. 14 , includes a substantially

defect free freestanding region 350 above the trench 305, such as disclosed herein.

[0024] By way of further example, FIG. 15 provides plan view of a platform 400

that includes a plurality of hybrid multilayer devices that have been formed in a manner

consistent with the processes described herein. The platform of FIG. 15 demonstrates

a single substrate 420 with three trenches 405 extending horizontally and designated by

paired dotted lines. A first layer 430 is provided above each trench for additional

processing. In the example of FIG. 15 , a first layer above each trench is separated from

each other first layer. On top of the first layer, one or more devices can be formed.

FIG. 15 shows three distinct trenches 405, with three distinct first layers, and three

hybrid multilayer devices formed on each first layer above the trenches 405.

[0025] FIG. 16 provides a cross sectional view of the platform of FIG. 15 , taken

along line A-A of FIG. 15 . The cross-sectional view of FIG. 16 illustrates three hybrid

multilayer devices 5 10 , 5 12 , and 5 14 , each of which is formed in accordance with the

examples provided herein. The devices may be the same or a combination of different

devices. As one example of FIG. 16 , device 5 10 represents a laser, device 5 12

represents a photodetector, and device 5 14 represents a passive waveguide. However,

depending on the required application, devices 5 10 , 5 12 , and 514 can be, for example,



a laser, a photodetector, a modulator, or any other device or combination of devices.

Although, the devices and process described herein are ideal for photonic applications,

such as in-plane diode lasers, this process provides an attractive technique for a variety

of heterogeneous devices, such as electronic, micro electrical mechanical systems

(MEMS), etc.

[0026] Moreover, by the processes and hybrid devices described herein, which

employs a trench formed below corresponding active regions, substantially defect-free

heterogeneous devices and integration is possible, thereby enabling consistent and

high quality semiconductor processing. In comparison to other attempts to create a

defect-free hybrid device, wafer bonding of Si substrates with lll-V compound

semiconductors is relatively low-cost. Further, these methods and resulting structures

can be used in the fabrication of a wide range of heterogeneous devices.

[0027] Furthermore, relative terms used to describe the structural features of the

figures illustrated herein, such as above and below, up and down, first and second, near

and far, etc., are in no way limiting to conceivable implementations. For instance,

where examples of the structure described herein are described in terms consistent with

the figures being described, and actual structures can be viewed from a different

perspective, such that above and below may be inverted, e.g., below and above, or

placed on a side, e.g., left and right, etc. Such alternatives are fully embraced and

explained by the figures and description provided herein.

[0028] What have been described above are examples. It is, of course, not

possible to describe every conceivable combination of components or methods, but one

of ordinary skill in the art will recognize that many further combinations and

permutations are possible. Accordingly, the invention is intended to embrace all such

alterations, modifications, and variations that fall within the scope of this application,

including the appended claims. Additionally, where the disclosure or claims recite "a,"

"an," "a first," or "another" element, or the equivalent thereof, it should be interpreted to

include one or more than one such element, neither requiring nor excluding two or more

such elements. As used herein, the term "includes" means includes but not limited to,

and the term "including" means including but not limited to. The term "based on" means

based at least in part on.



CLAIMS

What is claimed is:

1. A multilayer device, comprising:

a substrate;

a first layer disposed on the substrate;

a trench extending longitudinally through at least one of the substrate and the

first layer, the trench having a first sidewall spaced apart from a second sidewall, each

sidewall extending from a given surface of the substrate to another surface of the first

layer that is spaced apart from the given surface by the first and second sidewalls; and

an active region disposed on the first layer overlying the trench, wherein at least

a portion of the active region resides substantially within a boundary defined by the first

and second sidewalls of the trench.

2 . The device of claim 1, wherein the substrate comprises silicon.

3 . The device of claim 1, wherein the first layer comprises a lll-V compound

semiconductor material.

4 . The device of claim 1, wherein the sidewalls of the trench extend from a

surface within the substrate and terminate in an adjacent surface of the first layer, such

that the trench resides completely within the substrate bounded by the adjacent surface

of the first layer.

5 . The device of claim 1, wherein a portion of the trench is contained in the

substrate and another portion of the trench is contained in the first layer.

6 . The device of claim 1, wherein the multilayer device comprises one of a laser,

a photodetector, a photointerconnect, a modulator, and a passive waveguide.



7 . A method of fabricating a multilayer device, comprising:

providing a substrate;

bonding a structure comprising at least a first layer to the substrate;

forming a trench in at least one of the substrate and the first layer prior to the

bonding, the trench including sidewalls spaced apart from each other to define a width

thereof, the sidewalls extending between surfaces of the substrate and the first layer to

define a height, wherein the width is greater than the height; and

forming one or more layered materials on the first layer to provide an optically

active region that is located overlying the trench, wherein at least a portion of the active

region resides substantially within boundaries defined by the sidewalls of the trench.

8 . The method of claim 7 , wherein the bonding includes one of hydrophobic,

hydrophilic, polymer, and metal bonding.

9 . The method of claim 7 , further comprising processing the first layer to form a

plurality of multilayer devices, where each active region of the plurality of multilayer

devices reside substantially within the boundaries defined by the sidewalls of the trench.

10 . A method of fabricating a multilayer device, comprising:

etching a substrate to form at least a portion of a trench having sidewalls that are

spaced apart from each other to define width thereof that is greater than a height of the

trench;

bonding a structure to the substrate, wherein the structure includes one or more

layers, the height of the trench being defined by a distance between a surface of an

adjacent layer of the structure that is bonded to the substrate and a surface of the

substrate that extends between the sidewalls of the trench; and

forming an optically active region on the structure located in an overlying

relationship with the trench such that at least a portion of the active region resides

substantially within boundaries defined by the sidewalls of the trench.



11. The method of claim 10 , wherein the etching includes forming more than one

trench on the substrate.

12 . The method of claim 11, further comprising forming a plurality of multilayer

devices on the structure, where an active region of each of the plurality of multilayer

devices resides substantially within the boundaries defined by the sidewalls of a

respective one of the trenches.

13 . The method of claim 10 , wherein each of the multilayer devices comprises

one of a laser, a photodetector, a photointerconnect, a modulator, and a passive

waveguide.

14 . The method of claim 10 , wherein the bonding includes one of hydrophobic

bonding, hydrophilic bonding, polymer bonding and metal bonding.

15 . The method of claim 14 , further comprising heating the multilayer device to

anneal a bonding agent used in the bonding.
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