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A Strain-Balanced Semiconductor Structure 

Cross-Reference to Related Application 

[0001]    This application claims the benefit under 35 U.S.C. §119(e) of U.S. Provisional 

Patent Application No. 62/589,994, filed November 22, 2017, and U.S. Provisional Patent 5 

Application No. 62/607,857, filed December 19, 2017, both of which are hereby incorporated 

by reference herein in their entirety. 

Field of Use 

[0002]    This application relates to the use of a germanium (Ge) substrate or epitaxial layer to 10 

strain balance a semiconductor structure. 

Background 

[0003]    A vertical-cavity surface-emitting laser (VCSEL) is a type of semiconductor laser 

diode with laser beam emission perpendicular from the top surface of the semiconductor 15 

structure.  VCSELs for wavelengths from 650 nm to 1300 nm are typically grown on gallium 

arsenide (GaAs) substrates with a distributed Bragg reflector (DBR) formed from GaAs and 

aluminum gallium arsenide (AlxGa(1-x) As).  This GaAs-AlGaAs system has been widely used 

because AlxGa1-xAs (for a broad range of x) is usually regarded as a lattice match to the GaAs 

substrate. Next generation VCSELs, with more complex designs, would lead to thicker epi 20 

stacks for which the assumed lattice match in the GaAs-AlGaAs system is no longer 

acceptable, due to higher levels of crystalline defects, and increased wafer bow caused by the 

increased thickness of the stacks.  This situation is compounded by designs incorporating 

GaAs and AlAs, because the lattice mismatch is increased in a thick stack while the desire to 

move to longer wavelengths would increase layer thicknesses.  The increase in thickness may 25 

create an increased total lattice mismatch between the substrate and other layers grown over 

the substrate, leading to increased strain in the semiconductor structure.  The strain and the 

lattice mismatch contribute to a bow in the semiconductor wafer that reduces the stability of 

the VCSEL. 
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Summary 

[0004]    A layered structure is described herein for the use of germanium (Ge) as substrate or 

epitaxial layer to strain balance a semiconductor structure.  The layered structure comprises a 

first germanium substrate layer having a first lattice constant, and a second layer that has a 

second lattice constant and is epitaxially grown over the first germanium substrate layer.  The 5 

second layer has a composite of a first constituent and a second constituent and has a first 

ratio between the first constituent and the second constituent.  A third layer that has a third 

lattice constant and is epitaxially grown over the second layer.  The third layer has a 

composite of a third constituent and a fourth constituent, and has a second ratio between the 

third constituent and the fourth constituent.  The first ratio and the second ratio are selected 10 

such that the first lattice constant is between the second lattice constant and the third lattice 

constant. 

[0005]    In some embodiments, the first constituent of the second layer is the same as the 

third constituent of the third layer, and the second constituent of the second layer is the same 

as the fourth constituent of the third layer.  In some embodiments, the first constituent is 15 

different from the third constituent.   

[0006]    In some embodiments, the first, the second, the third or the fourth constituent of the 

third layered structure is a III-V binary alloy selected from a group consisting of AlP, GaP, 

InP, AlAs, GaAs, InAs, AlSb, GaSb, and InSb.   

[0007]    In some embodiments, the second layer of the layered structure has a first thickness 20 

and the third layer has a third thickness, and wherein the first thickness and the third 

thickness are chosen such that a total strain in the layered structured that is defined at least in 

part by the first thickness, the second thickness and lattice constant differences between 

adjacent layers is close to zero.  In some embodiments, a repetition of the second layer and 

the third layer grown over the third layer. 25 

[0008]    In some embodiments, the layered structure is implemented as a vertically-cavity 

surface-emitting laser (VCSEL) epitaxial wafer.  In some embodiments, the VCSEL epitaxial 

wafer has a bow measurement less than 10 µm.  In some embodiments, the first germanium 

substrate layer of the layered structure is a single germanium wafer, and a lattice constant of 

an upper surface of the single germanium wafer is equivalent to a bulk germanium substrate.  30 

In some embodiments, the first germanium substrate layer of the layered structure includes a 

germanium wafer on an oxide layer that is on a silicon layer.  A lattice constant of an upper 

surface of the germanium wafer is equivalent to a bulk germanium substrate.  
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[0009]    In some embodiments, the first germanium substrate layer includes a germanium 

wafer on a silicon layer, and a lattice constant of an upper surface of the germanium wafer is 

equivalent to a bulk germanium substrate.  In some embodiments, the first germanium 

substrate layer includes one or more porous germanium layers within a bulk germanium 

wafer, and a lattice constant of the upper surface of the bulk germanium wafer that is adjacent 5 

to the second layer is equivalent to the lattice constant a bulk germanium substrate (without 

porous portion).   

[0010]    In some embodiments, the first germanium substrate layer includes a patterned 

germanium wafer having a first germanium portion and a second germanium portion that is 

spatially non-overlapping from the first germanium portion, and a lattice constant of an upper 10 

surface of the first region or the second region in the patterned germanium wafer is 

equivalent to a bulk germanium substrate. 

[0011]    In some embodiments, the first germanium substrate layer of the layered structure 

includes a layered structure of a germanium tin (GexSn1-x, 0≤x≤1) wafer that is grown over a 

germanium wafer.  In some embodiments an epitaxial germanium layer grown over the first 15 

germanium substrate layer, wherein the epitaxial germanium layer is used to host an 

embedded device, and wherein the embedded device is selected from a group consisted of a 

germanium APD, a GaAs PIN and a Germanium transistor.  In some embodiments, the 

layered structure further comprises a second germanium layer, having the first lattice 

constant, that is directly or indirectly above the third layer, and a fourth layer having the first 20 

constituent and the second constituent epitaxially grown over the second germanium layer, 

wherein a third ratio between the first constituent and the second constituent in the fourth 

layer is chosen to render a third lattice constant of the fourth layer that is used to offset a total 

strain from layers below the second germanium layer. 

25 

Brief Description of Drawings 

[0012]    Further features of the disclosure, its nature and various advantages will be apparent 

upon consideration of the following detailed description, taken in conjunction with the 

accompanying drawings, in which: 

[0013]    FIG. 1 depicts a layered structure to grow strain balanced vertical cavity surface-30 

emitting laser on a germanium substrate, according to an illustrative embodiment; 

[0014]    FIG. 2 depicts a layered structure to grow strain balanced vertical cavity surface-

emitting laser on a germanium substrate that includes an intermediate germanium layer, 

according to an illustrative embodiment;  
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[0015]    FIG. 3 provides an example diagram 300 showing data plot diagrams comparing 

lattice mismatch, wafer bow, and wafer warp between different types of substrates, 

respectively, according to an embodiment;  

[0016]    FIG. 4 is a depiction of a plot indication wafer bow, according to an illustrative 

embodiment; 5 

[0017]    FIG. 5 is a depiction of lattice dislocation of various layered structures, according to 

an illustrative embodiment;  

[0018]    FIG. 6 is a depiction of various example substrate structures for the germanium 

substrate 102 described in relation to FIGS. 1-2, according to an illustrative embodiment; and 

[0019]    FIG. 7 is flow chart of a process 700 growing layered structure 100, according to an 10 

illustrative embodiment. 

Detailed Description 

[0020]    Structures and methods described herein provide a strain balanced semiconductor 

structure.  For example, the semiconductor structure described herein may be applied to 15 

VCSELs.  The structures and methods disclosed herein include growing GaAsAl layers over 

germanium substrates.  

[0021]    FIG. 1 shows an example diagram illustrating a layered structure 100 according to 

an illustrative embodiment.  The layer structure 100 depicted in FIG. 1 may be manufactured 

in a single epitaxial process, either molecular beam epitaxy (MBE), metalorganic vapor phase 20 

epitaxy (MOCVD) or any of the other well-known epitaxial deposition techniques. As 

required by the process, a deposition tool to deposit the material may either be single 

chamber or use any of the well-known cluster tool formats where specific parts of the process 

are done in different interconnected chambers, or multiple deposition tools may be used.  For 

example, the additional layers 106 may include, but not limited to group IV layers, III-V 25 

semiconductors layers, rare earth pnictide layers, rare earth oxide layers, and/or the like.  

[0022]    The layered structure 100 of FIG. 1 includes a germanium substrate 102, a 

GaAs/AlAs layer 104 grown over the substrate 102, and additional layers 106 grown over the 

GaAs/AlAs layer 104.  In some embodiments, layer 104 may comprise multiple sublayers of 

GaAs and AlAs.  In some embodiments, an increase in the concentration of aluminum in 30 

layer 104 (e.g., in a VCSEL) may lead to a lattice mismatch if the traditional GaAs substrate 

is used to grow the layer 104—for example, in a VSCEL, the layer 104 may have a thickness 

of three micrometer (3 µm) or more, and the lattice mismatch that exists between the AlAs 

sublayer of the 104 layer and the traditional GaAs substrate can have a significant effect 
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when the mismatch is summed over multiple sublayers of the total thickness of layer 104.  In 

addition, as any layer grown on the GaAs substrate may have some degree of lattice 

mismatch, when the lattice mismatch increases because of the composition of the layer grown 

on GaAs, or when multiple repetitions of GaAs-layer pairs are used within the semiconductor 

structure, the lattice mismatch may be significant.  The lattice mismatch may lead to a bow in 5 

the structure 200, e.g., the center point of the median surface of an un-clamped wafer 

corresponding to the structure 100 may deviate from the median surface to a reference plane.  

The resulting bow may have a radius of curvature that increases with the size of the wafer, 

e.g., the larger the wafer is, the more significant the radius of curvature corresponding to the 

bow becomes.  For example, the radius of curvature corresponding to the bow in a 200-mm 10 

wafer would be greater than the radius of curvature corresponding to the bow in a 100-mm 

wafer.  The bow may limit the scalability of GaAs-based laser structures.  Thus, to avoid or 

reduce the bow that is incurred by the lattice mismatch due to the use of a GaAs substrate, a 

substrate of germanium 102 is used in the layered structure 100 to grow the GaAs/AlAs layer 

104 with a high concentration of Al.  The lattice constant of a germanium layer is comparable 15 

to the lattice constant of GaAs/AlAs layers, for example, the lattice constant of a germanium 

wafer is usually between that of a GaAs layer and an AlAs layer.  Thus, the germanium layer 

may be used to reduce the lattice mismatch caused by growing GaAs/AlAs layers in layered 

structure 100.  As the Young’s modulus of germanium is 90 x 109 Pa (greater than that of 

GaAs, e.g., 85 x 109 Pa), germanium yields better mechanical strength than GaAs, and thus 20 

may provide a stronger substrate (102) than a traditional GaAs substrate for a 200-mm wafer 

when the bow may affect a significant area on the wafer.  Additionally, germanium has a 

much lower etch-pitch density than the GaAs, which produces a wafer with reduced 

impurities, although wafers may be supplied with inherent defects.   

[0023]    In some embodiments, the layered structure 100 may include one or more 25 

intermediary layers between the germanium substrate 102 and the GaAs/AlAs layer 104.  In 

some examples, the intermediary layer may be a generic III-V layer.  

[0024]    FIG. 2 shows an example diagram illustrating a layered structure 200 according to 

an illustrative embodiment.  The layered structure 200 may be built upon the layered 

structure 100.  For example, a second germanium layer 208 may be epitaxially grown on top 30 

of the additional layer(s) 106, such that another layer stack of GaAs/AlAs can be grown over 

the second germanium layer 208.   

[0025]    In some embodiments, the second germanium layer 208 (or multiple germanium 

layers) is grown in the layered structure 200.  In some embodiments, the layer 208 may also 



6 

be a group IV alloy of the form Ge1-x-ySixSny (0 ≤ x, y ≤ 1)—which is equivalent to a 

germanium layer when x=y=0.  The intermediate germanium layer improves the lattice match 

for high concentration of aluminum in the layer 104.  This reduces the strain between the 

substrate layer 102 and the layer 104.  The reduction in strain in between the layers 102 and 

104   increases the stability of the layer 200.  It is noted that the two germanium layers 102 5 

and 208 are shown in FIG. 2 for illustrative purposes only.  Multiple (more than two) 

germanium layers may be used in the layered structure such that multiple repetition of a 

germanium layer and a GaAs/AlAs layer grown over the germanium layer can be employed 

in a single layered structure to increase the stability of the structure 200.   

[0026]    In some embodiments, the thickness of the germanium layer 102 and 208 may be 10 

different.  The thickness of the second germanium layer 208 may depend on the lattice 

mismatch introduced by the various layers below the second germanium layer 208 or layers 

above the second germanium layer 208.  In some embodiments, more than one intermediary 

germanium layer may be grown in the lattice structure 200 to induce a stability in the lattice 

structure 200. [0027]    FIG. 3 provides an example diagram 300 showing data plot diagrams 15 

302, 308 and 314 comparing lattice mismatch, wafer bow, and wafer warp between different 

types of substrates, respectively, according to an embodiment.  Data plot 302 uses the product 

of thickness and lattice mismatch as a performance metric to compare performances between 

a GaAs wafer and a Ge wafer.  Bar 304 represents the product of thickness and lattice 

mismatch of a layered structure of a GaAs wafer and an epitaxial film over the GaAs wafer. 20 

Bar 306 represents the product of thickness and lattice mismatch of a layered structure having 

a Ge wafer and an epitaxial film over the Ge wafer (similar to 100 in FIG. 1).  As depicted in 

FIG. 3, the product of thickness of and lattice mismatch for using a GaAs wafer is 

approximately 0.4, and is reduced to -.05, when a Ge wafer is used instead, as shown at bar 

306.   25 

[0028]    Data plot 308 uses the measurement of wafer bow as a performance metric to 

compare performances between a GaAs wafer and a Ge wafer.  Bar 310 represents the 

measurement of bow created in a layered structure of a GaAs wafer and an epitaxial film over 

the GaAs wafer.  Bar 312 represents the measurement of bow created in a layered structure 

having a Ge wafer and an epitaxial film over the Ge wafer (similar to 100 in FIG. 1).  As 30 

depicted in FIG. 3, the bow created using a GaAs wafer as a substrate is approximately 90 

µm and is reduced to -5 µm, when a Ge wafer is used instead, as shown at bar 312. 

[0029]    Data plot 314 uses the measurement of wafer warp as a performance metric to 

compare performances between a GaAs wafer and a Ge wafer.  Bar 316 represents the 
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measurement of warp created in a layered structure of a GaAs wafer and an epitaxial film 

over the GaAs wafer.  Bar 318 represents the measurement of warp created in a layered 

structure having a Ge wafer and an epitaxial film over the Ge wafer (similar to 100 in FIG. 

1).  As depicted in FIG. 3, the warp created using a GaAs wafer as a substrate is 

approximately 180 µm and is reduced to 40 µm, when a Ge wafer is used instead, as shown at 5 

bar 318. 

[0030]    The marked decrease in measurement of the product of thickness and lattice 

mismatch, wafer bow, and wafer warp is because the germanium substrate has a lattice 

constant between that of GaAs and AlAs, and hence the stress exerted on the Ge layer by the 

GaAs layer is in an opposite direction to that exerted by the AlAs on the Ge layer and hence 10 

the opposite stresses may mutually cancel out to some extent.  In the case where the substrate 

is GaAs, the GaAs/AlAs layers exert a stress of the epitaxial film in the same direction 

because the GaAs substrate has the smallest or same lattice constant as the material above the 

GaAs substrate. 

[0031]    FIG. 4 shows a plot of three-dimensional maps of layered structures using a Ge 15 

substrate or a GaAs substrate, respectively, according to an illustrative embodiment.  3-D 

map 402 is a map of in a layered structure having a Ge wafer and an epitaxial film over the 

Ge wafer (similar to 100 in FIG. 1).  3-D map 404 of a layered structure of a GaAs wafer and 

an epitaxial film over the GaAs wafer.  As is clear from the 3-D map 404, the high level of 

bow created by the GaAs wafer and epitaxial films exceeded maximum allowable bow to 20 

achieve a full wafer map.  FIG. 4 includes a plot 406 that measures wafer bow for layered 

structure cases where that contains an epitaxial film composed of 10% AlGaAs and 90% 

AlGaAs over the GaAs and Ge substrates.  As is clear from the plot, bow created on the 

GaAs wafer by the epitaxial films is much higher than the bow created on the Ge substrate by 

the epitaxial film.  The reduction in bow of the Ge wafer increases performance of the 25 

layered structure with the Ge wafer.  

[0032]    FIG. 5 shows diagram 500 illustrating lattice dislocation in various layered 

structures shown at 502, 504 and 508, according to an illustrative embodiment.  Lattice 

dislocation is represented by slip lines on wafer.  Slip lines are internal to the wafer and are a 

leading cause of device reliability failures.  In some embodiments, the mechanical forces 30 

inherent to wafers with large values of bow create and drive dislocations within a layered 

structure that increases slip lines on the substrate of the layered structure.  Therefore, a 

reduction in wafer bow would reduce or eliminate these slip lines on the substrate of the 

layered structure.  Plot 502 represents a snapshot of a Ge wafer.  The snapshot of Ge wafer 
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includes a horizontal line 516 running across the wafer that is a measurement artifact.  Plot 

504 represents a snapshot of a Ge wafer and an epitaxial film over the Ge wafer.  Plot 504 

depicts slip line regions created in the Ge wafer 506 by the strain caused by the epitaxial film 

on the Ge wafer.  Plot 508 represents a snapshot of a GaAs wafer and an epitaxial film over 

the GaAs wafer.  Plot 508 shows slip line regions 510, 512, and 514 created in the GaAs 5 

wafer by the epitaxial film grown over the GaAs wafer.  As is clear from the snapshots, there 

are more slip lines in the GaAs wafer than in the Ge wafer.  This is because the stress created 

on the Ge wafer by the epitaxial film is much lower than the stress created by the epitaxial 

film on the GaAs wafer. 

[0033]    FIG. 6 is a depiction of various example substrate structures for the germanium 10 

substrate 102 described in relation to FIGS. 1-2, according to an illustrative embodiment.  For 

example, the germanium substrate (e.g., see 102 in FIGS. 1-2) may include a single wafer, or 

a layered structure.  The various substrate structures described in FIG. 6 may have different 

compositions that include various portions of germanium in them.  For example, the various 

substrates may be a germanium wafer (e.g., see 602), a layered structure of germanium grown 15 

over oxide and silicon (e.g., see 608), a layered structure of a germanium layer containing a 

porous germanium portion (e.g., see 618), or a layered structure of germanium grown over a 

silicon layer (e.g., see 626), and/or the like.  The example substrate structures 602, 608, 618 

and 626 as described in FIG. 6 may serve as a starting template to grown additional layers, 

and the upper surface of the example substrate structures 602, 608, 618 and 626 has a lattice 20 

constant equivalent to that of a bulk germanium substrate.  The various substrate structures 

may differ in various properties like mechanical strength, thermal conductivity, and etch pitch 

density, for example, which in turn support different functionalities based on the combination 

of the substrates.   

[0034]    Layered structure 602 depicts a germanium wafer 606 over which other layers 604 25 

may be grown.  The upper surface of the germanium wafer 606 has a lattice constant that is 

substantially equivalent to a bulk germanium substrate.  

[0035]    Layered structure 608 depicts a substrate structure 634 that includes a germanium 

layer 612, an oxide layer 614 and a silicon layer 616.  The germanium layer 612 is grown 

over an oxide layer 614, and the oxide layer 614 is grown over a silicon layer 616.  In another 30 

implementation, the growth of germanium layer 612 over oxide layer 614 may be the result 

of a bonding process.  Other layers 610 part of layered structure 608 may be grown over the 

germanium layer 610.  The upper surface of the germanium wafer 612 has a lattice constant 

that is substantially equivalent to a bulk germanium substrate.   
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[0036]    Layered structure 618 depicts a substrate structure 636 that includes a porous 

germanium portion/sublayer 624.  The substrate structure 636 can be a bulk germanium wafer 

having the porous sublayer 624 -positioned between germanium sublayers 622 and 640.  

Other layers 620 may be grown over the germanium layer 622.   In another implementation, 

multiple repetitions of the porous germanium sublayer 624 and the germanium sublayer 640 5 

may be used to achieve a desired level of lattice constant in layered structure 618.  The 

germanium sublayer 622 may be grown on top of the multiple repetitions of the porous 

germanium sublayer 624 and the germanium sublayer 640.  The upper surface of bulk 

germanium wafer 636, which is also the upper surface of germanium sublayer 622, has a 

lattice constant that is substantially equivalent to a bulk germanium substrate (without porous 10 

portion). 

[0037]    Layered structure 626 depicts a substrate structure 638 that includes a germanium 

layer 630 and a silicon layer 632, where the germanium layer 630 is grown over the silicon 

layer 632.  The upper surface of the germanium wafer 630 has a lattice constant that is 

substantially equivalent to a bulk germanium substrate.   15 

[0038]    In some embodiments, the lattice constants of substrates 634, 636, and 638 are 

approximately equal to the lattice constant of germanium 606 in layered structure 602.  In 

some embodiments, germanium 606 may be replaced by any of substrates 634, 636, and 638. 

[0039]    In some embodiments, the germanium substrate 606 may include a patterned 

germanium wafer.  For example, the germanium wafer has spatially non-overlapping 20 

germanium portions, e.g., stripes, grids, and/or the like.  The lattice constant of the upper 

surface of the patterned germanium wafer is equivalent to a bulk germanium substrate.

[0040]    In some embodiments, the germanium substrate 606 can include a germanium tin 

(GexSn1-x, 0≤x≤1) wafer that is grown over a germanium wafer.   

[0041]    In some embodiments, an additional epitaxial germanium layer is grown over the 25 

germanium substrate.  The epitaxial germanium layer can be used to host an embedded 

device, and wherein the embedded device is selected from a group consisted of a germanium 

APD, a GaAs PIN and a Germanium transistor.  

[0042]    FIG. 7 is flow chart of a process 700 growing layered structure 100, according to an 

illustrative embodiment.  The process starts at 702, when a first germanium substrate (e.g., 30 

the germanium substrate 102 of FIG. 1) having a first lattice constant is obtained.   

[0043]    At 704, a second layer 104 (e.g., the GaAs/AlAs layer 104) that has a second lattice 

constant is configured over the first germanium substrate layer 102.  The second layer has a 

composite of a first constituent (e.g., GaAs) and a second constituent (e.g., AlAs) and has a 
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first ratio between the first constituent and the second constituent.  For example, to “configure” 

means to grow (epitaxially) or to dispose, or by any other means to make an additional layer 

exist on top of a layer.  In some embodiments, the first or the second constituent may be a III-

V binary alloy, such as but not limited to AlP, GaP, InP, AlAs, GaAs, InAs, AlSb, GaSb, and 

InSb.   5 

[0044]    At 706, a third layer (e.g., any additional layer 106 in FIG. 1) that has a third lattice 

constant is configured (e.g., epitaxially grown or disposed) over the second layer.  The third 

layer has a composite of a third constituent and a fourth constituent, and has a second ratio 

between the third constituent and the fourth constituent.  In some embodiments, the third or the 

fourth constituent may be a III-V binary alloy, such as but not limited to AlP, GaP, InP, AlAs, 10 

GaAs, InAs, AlSb, GaSb, and InSb.  The first ratio and the second ratio are selected such that 

the first lattice constant is between the second lattice constant and the third lattice constant.  In 

this way, the strain caused by the lattice mismatch between the first germanium substrate and 

the second layer can be offset by the lattice mismatch (in an opposite direction) between the 

second layer and the third layer.  Specifically, the thickness of the second layer and the 15 

thickness of the third layer are chosen such that a total strain in the layered structured that is 

defined at least in part by the thickness of the layers and lattice constant differences between 

adjacent layers is close to zero.   

[0045]    The growth and/or deposition described herein may be performed using one or more 

of chemical vapor deposition (CVD), metalorganic chemical vapor deposition (MOCVD), 20 

organometallic vapor phase epitaxy (OMVPE), atomic layer deposition (ALD), molecular 

beam epitaxy (MBE), halide vapor phase epitaxy (HVPE), pulsed laser deposition (PLD), 

and/or physical vapor deposition (PVD).  

[0046]    As described herein, a layer means a substantially-uniform thickness of a material 

covering a surface. A layer can be either continuous or discontinuous (i.e., having gaps between 25 

regions of the material). For example, a layer can completely or partially cover a surface, or be 

segmented into discrete regions, which collectively define the layer (i.e., regions formed using 

selective-area epitaxy).    

[0047]    Monolithically-integrated means formed on the surface of the substrate, typically by 

depositing layers disposed on the surface.  30 

[0048]    Disposed on means "exists on" an underlying material or layer. This layer may 

comprise intermediate layers, such as transitional layers, necessary to ensure a suitable surface. 

For example, if a material is described to be "disposed on a substrate," this can mean either (1) 
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the material is in intimate contact with the substrate; or (2) the material is in contact with one 

or more transitional layers that reside on the substrate.  

[0049]    Single-crystal means a crystalline structure that comprises substantially only one type 

of unit-cell. A single-crystal layer, however, may exhibit some crystalline defects such as 

stacking faults, dislocations, or other commonly occurring crystalline defects.  5 

[0050]    Single-domain means a crystalline structure that comprises substantially only one 

structure of unit-cell and substantially only one orientation of that unit cell. In other words, a 

single-domain crystal exhibits no twinning or anti-phase domains.  

[0051]    Single-phase means a crystalline structure that is both single-crystal and single-

domain.  10 

[0052]    Substrate means the material on which deposited layers are formed. Exemplary 

substrates include, without limitation: bulk germanium wafers, bulk silicon wafers, in which a 

wafer comprises a homogeneous thickness of single-crystal silicon or germanium; composite 

wafers, such as a silicon-on-insulator wafer that comprises a layer of silicon that is disposed 

on a layer of silicon dioxide that is disposed on a bulk silicon handle wafer; or the porous 15 

germanium, germanium over oxide and silicon, germanium over silicon, patterned germanium, 

germanium tin over germanium, and/or the like, as described in relation to FIG. 6; or any other 

material that serves as base layer upon which, or in which, devices are formed. Examples of 

such other materials that are suitable, as a function of the application, for use as substrate layers 

and bulk substrates include, without limitation, alumina, gallium-arsenide, indium-phosphide, 20 

silica, silicon dioxide, borosilicate glass, pyrex, and sapphire.   A substrate may have a single 

bulk wafer, or multiple sub-layers.  Specifically, a substrate (e.g., silicon, germanium, etc.) 

may include multiple non-continuous porous portions.  The multiple non-continuous porous 

portions may have different densities and may be horizontally distributed or vertically layered.    

[0053]    Miscut Substrate means a substrate which comprises a surface crystal structure that is 25 

oriented at an angle to that associated with the crystal structure of the substrate. For example, 

a 6° miscut <100> silicon wafer comprises a <100> silicon wafer that has been cut at an angle 

to the <100> crystal orientation by 6° toward another major crystalline orientation, such as 

<110>. Typically, but not necessarily, the miscut will be up to about 20°. Unless specifically 

noted, the phrase “miscut substrate” includes miscut wafers having any major crystal 30 

orientation. That is, a <111> wafer miscut toward the <011> direction, a <100> wafer miscut 

toward the <110> direction, and a <011> wafer miscut toward the <001> direction.  

[0054]   Semiconductor refers to any solid substance that has a conductivity between that of an 

insulator and that of most metals.  An example semiconductor layer is composed of silicon.  
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The semiconductor layer may include a single bulk wafer, or multiple sub-layers.  Specifically, 

a silicon semiconductor layer may include multiple non-continuous porous portions.  The 

multiple non-continuous porous portions may have different densities and may be horizontally 

distributed or vertically layered.    

[0055]    Semiconductor-on-Insulator means a composition that comprises a single-crystal 5 

semiconductor layer, a single-phase dielectric layer, and a substrate, wherein the dielectric 

layer is interposed between the semiconductor layer and the substrate. This structure is 

reminiscent of prior-art silicon-on-insulator (“SOI”) compositions, which typically include a 

single-crystal silicon substrate, a non-single-phase dielectric layer (e.g., amorphous silicon 

dioxide, etc.) and a single-crystal silicon semiconductor layer. Several important distinctions 10 

between prior-art SOI wafers and the inventive semiconductor-on-insulator compositions are 

that:  

[0056]    Semiconductor-on-insulator compositions include a dielectric layer that has a single-

phase morphology, whereas SOI wafers do not. In fact, the insulator layer of typical SOI wafers 

is not even single crystal.  15 

[0057]    Semiconductor-on-insulator compositions include a silicon, germanium, or silicon-

germanium “active” layer, whereas prior-art SOI wafers use a silicon active layer. In other 

words, exemplary semiconductor-on-insulator compositions include, without limitation: 

silicon-on-insulator, germanium-on-insulator, and silicon-germanium-on-insulator.  

[0058]    A first layer described and/or depicted herein as “configured on,” “on” or “over” a 20 

second layer can be immediately adjacent to the second layer, or one or more intervening layers 

can be between the first and second layers.  A first layer that is described and/or depicted herein 

as “directly on” or “directly over” a second layer or a substrate is immediately adjacent to the 

second layer or substrate with no intervening layer present, other than possibly an intervening 

alloy layer that may form due to mixing of the first layer with the second layer or substrate.  In 25 

addition, a first layer that is described and/or depicted herein as being “on,” “over,” “directly 

on,” or “directly over” a second layer or substrate may cover the entire second layer or 

substrate, or a portion of the second layer or substrate.   

[0059]    A substrate is placed on a substrate holder during layer growth, and so a top surface 

or an upper surface is the surface of the substrate or layer furthest from the substrate holder, 30 

while a bottom surface or a lower surface is the surface of the substrate or layer nearest to the 

substrate holder.  Any of the structures depicted and described herein can be part of larger 

structures with additional layers above and/or below those depicted.  For clarity, the figures 

herein can omit these additional layers, although these additional layers can be part of the 
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structures disclosed.  In addition, the structures depicted can be repeated in units, even if this 

repetition is not depicted in the figures.   

[0060]    From the above description it is manifest that various techniques may be used for 

implementing the concepts described herein without departing from the scope of the 

disclosure.  The described embodiments are to be considered in all respects as illustrative and 5 

not restrictive. It should also be understood that the techniques and structures described 

herein are not limited to the particular examples described herein, but can be implemented in 

other examples without departing from the scope of the disclosure.  Similarly, while 

operations are depicted in the drawings in a particular order, this should not be understood as 

requiring that such operations be performed in the particular order shown or in sequential 10 

order, or that all illustrated operations be performed, to achieve desirable results.
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Claims 

1. A layered structure, comprising: 

a first germanium substrate layer having a first lattice constant and a first thickness; and 

a second layer that has a second lattice constant, a second thickness and is epitaxially 

grown over the first germanium substrate layer, wherein the second layer is a composite of a first 

constituent and a second constituent, and has a first ratio of the first constituent to the second 

constituent; 

a third layer that has a third lattice constant, a third thickness and is epitaxially grown 

over the second layer, wherein the third layer is a composite of a third constituent and a fourth 

constituent and has a second ratio of the third constituent to the fourth constituent,  

wherein:  

the first ratio and the second ratio are selected such that the first lattice constant is 

between the second lattice constant and the third lattice constant,  

the second thickness and the third thickness are chosen such that a total strain in 

the layered structure is close to zero with respect to the substrate, as is defined at least in 

part by:  

a) the second thickness;  

b) the third thickness; and  

c) lattice constant differences between the adjacent layers;  

a first lattice mismatch between the first germanium substrate layer and the 

adjacent second layer is offset by a second lattice mismatch between the first germanium 

substrate layer and the third layer to thereby reduce the total strain on the layered 

structure, and  

the layered structure has a single in-plane lattice spacing. 

 

2. The layered structure of claim 1, wherein the first constituent is the same as the third 

constituent, and the second constituent is the same as the fourth constituent. 

 

3. The layered structure of claim 1, wherein the first constituent is different from the third 

constituent. 
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4. The layered structure of claim 1, wherein the first, the second, the third or the fourth 

constituent is a III-V binary alloy selected from a group consisting of AlP, GaP, InP, AlAs, 

GaAs, InAs, AlSb, GaSb, and InSb. 

 

5. The layered structure of claim 1, further comprising:  

a repetition of the second layer and the third layer grown over the third layer. 

 

6. The layered structure of claim 1, wherein the layered structure is implemented as a 

vertical-cavity surface-emitting laser (VCSEL) epitaxial wafer. 

 

7. The layered structure of claim 6, wherein the VCSEL epitaxial wafer has a bow 

measurement less than 10 μm. 

 

8. The layered structure of claim 1, wherein the first germanium substrate layer is a single 

germanium wafer, and a lattice constant of an upper surface of the single germanium wafer is 

equivalent to a bulk germanium substrate. 

 

9. The layered structure of claim 1, wherein the first germanium substrate layer includes a 

germanium wafer on an oxide layer that is on a silicon layer, and wherein a lattice constant of an 

upper surface of the germanium wafer is equivalent to a bulk germanium substrate. 

 

10. The layered structure of claim 1, wherein the first germanium substrate layer includes a 

germanium wafer on a silicon layer, and wherein a lattice constant of an upper surface of the 

germanium wafer is equivalent to a bulk germanium substrate. 

 

11. The layered structure of claim 1, wherein the first germanium substrate layer includes one 

or more porous germanium sublayers between two germanium sublayers, and wherein a lattice 

constant of an upper surface of the first germanium substrate layer that is adjacent to the second 

layer is equivalent to a lattice constant of a bulk germanium substrate. 
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12. The layered structure of claim 1, wherein the first germanium substrate layer includes a 

patterned germanium wafer having a first germanium portion and a second germanium portion 

that is spatially non-overlapping from the first germanium portion, and wherein a lattice constant 

of an upper surface of the first region or the second region in the patterned germanium wafer is 

equivalent to a bulk germanium substrate. 

 

13. The layered structure of claim 1, wherein the first germanium substrate layer includes a 

layered structure of a germanium tin (GexSn1-x, 0  x  1) wafer that is grown over a germanium 

wafer. 

 

14. The layered structure of claim 1, further comprising:  

an epitaxial germanium layer grown over the first germanium substrate layer,  

wherein the epitaxial germanium layer is used to host an embedded device, and wherein 

the embedded device is selected from a group consisted of a germanium APD, a GaAs PIN and a 

germanium transistor. 

 

15. The layered structure of claim 1, further comprising:  

a second germanium layer, having the first lattice constant, that is directly or indirectly 

above the third layer; and  

a fourth layer having the first constituent and the second constituent epitaxially grown 

over the second germanium layer;  

wherein:  

a third ratio between the first constituent and the second constituent in the fourth 

layer is chosen to render a third lattice constant of the fourth layer that is used to offset a 

total strain from layers below the second germanium layer. 

 

16. The layered structure of claim 1, wherein the layered structure has a bow measurement 

less than 10 μm. 

 

17. The layered structure of claim 1, wherein the first germanium substrate layer eliminates 

slip line. 
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18. A method to grow a layered structure, comprising: 

obtaining a first germanium substrate layer having a first lattice constant and a first 

thickness; and  

configuring a second layer that has a second lattice constant, a second thickness and is 

epitaxially grown over the first germanium substrate layer, wherein the second layer is a 

composite of a first constituent and a second constituent, and has a first ratio of the first 

constituent to the second constituent;  

configuring a third layer that has a third lattice constant, a third thickness and is 

epitaxially grown over the second layer, wherein the third layer is a composite of a third 

constituent and a fourth constituent, and has a second ratio of the third constituent to the fourth 

constituent;  

wherein:  

the first ratio and the second ratio are selected such that the first lattice constant is 

between the second lattice constant and the third lattice constant,  

the second thickness and the third thickness are chosen such that a total strain in 

the layered structure is close to zero with respect to the substrate, as is defined at least in 

part by:  

a) the second thickness;  

b) the third thickness; and  

c) lattice constant differences between the adjacent layers;  

a first lattice mismatch between the first germanium substrate layer and the 

second layer is offset by a second lattice mismatch between the first germanium substrate 

layer and the third layer to thereby reduce the total strain on the layered structure; and  

the layered structure has a single in-plane lattice spacing. 

 

19. The method of claim 18, further comprising:  

configuring a second germanium layer, having the first lattice constant, that is directly or 

indirectly above the third layer; and  

configuring a fourth layer having the first constituent and the second constituent 

epitaxially grown over the second germanium layer;  

wherein:  
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a third ratio between the first constituent and the second constituent in the fourth 

layer is chosen to render a third lattice constant of the fourth layer that is used to offset a 

total strain from layers below the second germanium layer. 

 

20. The method of claim 18, wherein:  

the first germanium substrate layer includes a patterned germanium wafer having a first 

germanium portion and a second germanium portion that is spatially non-overlapping from the 

first germanium portion; and  

a lattice constant of an upper surface of the first region or the second region in the 

patterned germanium wafer is equivalent to a bulk germanium substrate. 

 

 


