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SUPER LATTICE/QUANTUM WELL NANOWIRES

Technical Field

[001] The present disclosure relates to nanowires comprising segments of

different semiconductor materials and a method of making these nanowires. More

particularly, the disclosure is related to nanowires comprising a built-in super

lattice/quantum well structure.

Background

[002] Semiconductor nanowires are gaining interest as components for micro-

and nanoscale devices due to their novel electrical and optical properties that include new

realms of physics stemming from the quantum mechanical dimension of these nanowires.

Materials such as SiGe, strained Si, superlattices, and quantum wells in their bulk form

have unique properties, which make these materials useful in a number of optical and

electrical devices.

[003] Traditionally, silicon nanowires have been grown epitaxially on top of a

silicon substrate using chemical vapor deposition method, such as the method described

in US2007/0222074 A l or growing Si nanowires in a patterned template defined by

diblock copolymer on top of a silicon substrate. US2006/0098705 Al describes a method

of growing Si nanowires and quantum dots on top of a patterned silicon substrate by the

chemical vapor deposition (CVD) method. US 2005/0248003 A l describes a method of

forming heterojunction nanowires by a chemical vapor method. US 2007/0235738 A l

describes a method to form p-Si/n-Si nanowire junction with embedded quantum dots by

CVD.

|004] The chemical method of etching a uniformly doped Si substrate to form Si

nanowires has been discussed in the published work of K.Q. Peng et al. (Adv. Mater.

14(2002) 1164; J . Electroanal. Chem. 558 (2003) 35; Adv. Funct. Mates. 13 (2003) 127.).

Fig. 1 shows a schematic of how silicon nanowires were obtained by the method of Peng

et al.
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Summary of the Invention

[005] Disclosed herein are segmented nanowires and a method of producing

these segmented nanowires. The nanowires disclosed herein have a high probability of

exhibiting even more novel physical properties by combining superlattice and quantum

well structures in a nanowire form, creating a three-dimensional quantum well structure

instead of the normal two-dimensional.

[006] After forming a substrate of two or more layers of semiconductor

materials, the substrate is partially removed without using a template by chemical

etching. Initially, the chemical etching begins at some locations on the surface of the

substrate. The semiconductor material can be oriented with a particular crystal plane

towards the surface, such as the ( 1 1 1) or the ( 1 1 0) plane. The chemical etching occurs

predominantly along a crystallographic axis of the semiconductor material, for silicon it

is the [ 1 0 OJ direction, such that nanowires having segments of different materials

corresponding to the materials in the different layers remain at locations at which little or

no chemical etching occurred. The interface between different segments can be

perpendicular to or at an angle with the longitudinal direction of the segmented nanowire.

[007] The disclosed chemical etching method is a subtractive approach that

creates semiconductor nanowires with SiGe, Ge quantum well structures and vertical

junctions within silicon nanowires out of a planar substrates with two or more different

semiconductor layers.

Brief Description of the Figures

[008] Fig. 1 shows a schematic of the related art method for producing etched,

non-segmented silicon nanowires on a silicon wafer.

[009] Fig. 2 shows a SEM cross section view of silicon nanowires formed by

chemical etching of a ( 1 0 0) silicon substrate.
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[0010] Fig. 3 shows a schematic cross-section of a segmented nanowire with

incorporated quantum wells.

[0011] Figs. 4a and 4b show SEM images of a cross-section and a top down view

of Si/SiGe/Si nanowires formed by chemical etching.

[0012] Fig. 5 shows the schematic of the preparation of nanowires with a vertical

p-n junction.

[0013] Fig. 6 shows a cross-section of nanowires with a vertical p-n junction

prepared according to the schematic in Fig. 5.

[0014] Fig. 7 shows silicon nanowires obtained from a substrate etched from the

( 1 1 0) plane, the n-doped and p-doped segments forming a 60 degree angle with the

longitudinal direction of the nanowire, which corresponds to the silicon [ 1 0 0] crystalline

direction.

[0015] Fig. 8 shows a top-down view. 500-fold magnification of silicon

nanowires obtained from a substrate etched from the ( 1 1 1) plane.

[0016] Fig. 9 shows a side-view SEM image, 10,000-fold magnification of silicon

nanowires obtained from a substrate etched from the ( 1 1 1) plane, the nanowires forming

a 54.7 degree angle with the substrate.

[001 7] Fig. 10 shows a top-down view, 1.000-fold magnification of silicon

nanowires obtained from a substrate etched from the ( 1 1 1) plane.

[0018] Fig. 11 shows a side-view, 5,000-fold magnification SEM image of silicon

nanowires obtained from a substrate etched from the ( 1 1 1) plane, the nanowires forming

a 54.7 degree angle with the substrate.
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Detailed Description of the Various Embodiments

(0019] A multi-layer substrate comprising various alternating semiconductor

layers such as Si/SiGe/Si/SiGe, Si/Ge/Si/Ge, or n-Si/p-Si/n-Si alternating layers is

subjected to a chemical etching treatment. The substrate is etched to form semiconductor

nanowires with embedded quantum wells or a superlattice structure within the

semiconductor nanowires. A preferred semiconductor is silicon. Particularly preferred are

n-doped and p-doped silicon. Specifically, disclosed herein are nanowires containing

multiple layers of alternate materials with quantum dimensions. For example, Si

nanowires having Ge or SiGe layers in a stacked geometry. The quantum well is derived

by incorporating alternate layers of Si, SiGe, Si, SiGe, etc. The structure is not limited to

SiGe; Ge nanowires could incorporate GaAs layers, Si nanowires could incorporate GaP,

GaAsP, or other IH-V or II-VI material. Such a sea of quantum well nanowires would

exhibit modifications in optical properties such as enhanced absorption due to

modifications in the band structure as well as modified electrical properties. In some

embodiments, the cross-section of the wires are smaller in one dimension than in the

other, i.e., the cross-section is elliptical rather than circular. Being able to control all three

dimensions of a segment in a nanowire allows fine-tuning the electrical and optical

properties. Specific examples are set forth below.

[0020] Accordingly, a layer in the substrate containing two or more layers

corresponds to a segment of the nanowire obtained from the substrate. Thus, the term

layered nanowire is used interchangeably herein with the term segmented nanowire.

Further, some embodiments consist of two segments whereas other embodiments consist

of a plurality of segments. The disclosure of a certain number of segments shall not be

construed to mean that a segmented nanowire may not contain additional segments.

[0021 ] The thickness of a layer in the substrate is the main factor determining the

length of a segment in the resulting nanowire. The thickness of a layer can be adjusted

depending on the epitaxial growth parameters or the polycrystalline growth parameters.

Doped top silicon layer with a thickness of between 10 nm and 10 microns have been

produced. The SiGe and Ge layers can be between 10 nm and 10 microns as well.

83398 1
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[0022] Fig. 2 shows the formation of silicon nanowires by using the same

chemical etching method of uniform ( 100) Si substrate. The protected edge on the right is

shown to indicate that the formation of silicon nanowires starts from the top surface of

the substrate.

[0023] Si nanowires have been obtained by etching the ( 1 0 0) plane of a Si wafer

surface with an HF-AgNO 3 solution. Small particles of Ag deposited on the surface

caused enhanced etching at some locations; however, at locations where no Ag particles

were present, etching was strongly reduced. The result is a sea of vertical nanowires on

the Si substrate, as shown in Fig. 3. The Ag particles are later removed by acid etching.

A preferred acid for Ag removal is aqua regia. Another preferred acid is nitric acid. The

wires and the substrate surface are left clean of reaction byproducts which plague other

methods of creating nanowires.

[0024] In a preferred embodiment, the chemical etching reagent is a mixture of

silver nitrate (AgNθ 3) and hydrogen fluoride (HF) in aqueous solution. A preferred

molar ratio of HF to AgNO3 is 120 to 480, particularly preferred is a range of about 240.

The etching solution used for obtaining the nanowires in Fig. 3 contained a 1:1 mixture of

3.4 g/1 (0.02M) AgNO3 + 1:5 (4.8M) HF solution, accordingly the molar ratio of

HF/AgNO3 in the solution was equal to 240. The 1:1 mixture of AgNO3/HF can also be

either diluted or concentrated up to 5-10 times and still form semiconductor nanowires

but with substantial difference in etching rate. If the solution contained a large excess of

AgNO3, for example, an HF/AgNO3 molar ratio of 24, the etching became planar without

resulting in the formation of nanowires. A large excess of HF in the solution, for

example, an HF/AgNO 3 molar ratio of 2400, did not result in the formation of nanowires

and the silicon was barely etched at all.

[0025] A solution temperature in the range between 0 0C and 90 0C is preferred,

with a temperature around room temperature being particularly preferred. The main effect

of the solution temperature on the nanowire formation is that the etching rate increases
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with increasing temperature. Nanowircs with a length between 1.0 and 1.5 micron have

been obtained after 10-minutes etching at a temperature of 20 0C in the standard solution

of 3.4 g/1 (0.02M) AgNO3 plus 1:5 (4.8M) HF.

[0026] The wire cross-sectional dimension ranged from 10 run to 500 run, and

were faceted and not round. Usually one dimension was smaller than the other, and under

some conditions the nanowires were in the shape of a nano-ribbon. The etching rate is

dependent on the solution concentration, solution temperature, and also the agitation. A

( 1 0 0) silicon substrate immersed in the standard solution (3.4 g/1 (0.02M) AgNO plus

1:5 (4.8M) HF) at a temperature of 20 0C for 30 minutes resulted in about 3 micron long

nanowires. The same substrate immersed in the standard solution at temperature of 35 0C

for 30 minutes gave about 6 micron long nanowires, and the same substrate in the same

solution at a temperature of 50 0C for 30 minutes gave about 16 micron long nanowires.

When the same experiments were carried out in an ultrasonication tank, which provides

strong agitation, the etching rate doubled compared to a stationary etching solution.

[0027] The etching rate is not particularly sensitive to the dopant type or the

dopant density in the semiconductor substrate, except for undoped silicon (intrinsic

silicon). Doping with P, B, or As, resulting in resistivities of 0.01 ohm-cm and 100

ohm-cm for both p-type and n-type dopants, produced semiconductor nanowires of

similar length and geometry. Intrinsic silicon, however, behaved quite differently. The

etching rate of intrinsic silicon (resistivity of 9999 ohm-cm) was 20 times slower than in

doped silicon samples.

[0028] Si nanowires with SiGe quantum wells can be produced by epitaxially

growing alternate layers of Si and SiGe on a Si substrate. The layers can be made thin by

the epi process, such that the SiGe thickness is below the critical thickness and no

relaxation / defects take place. Upon performing the Ag-enhanced etching, nanowires

containing SiGe/Si quantum wells are produced, as shown in Fig. 3. It has been found

that SiGe layers on Si can also be etched in the same fashion; Figs. 4a and 4b respectively
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show the cross section and top down SEM images of such a sample with etched Si

nanowires with embedded SiGe quantum dots using a multilayer substrate.

(0029) Si nanowires with built-in vertical p-n junctions can be created by doping

a silicon substrate with p- and n-dopants and then followed by chemical etching in

AgNθ 3-HF solutions. Fig. 5 shows the sequence of creating silicon nanowires with p-n

junctions and Fig. 6 shows a cross section SEM image of such a sample after etching.

[003Oj The choice of materials is only dependent on the ability to grow epitaxial

layers, and possibly polycrystalline growth layers would also exhibit this effect.

Examples of material pairs where such quantum nanowires can be produced are Si/SiGe,

Si/GaP, Si/GaP, Si/GaAsP, Si/ZnS. Ge/GaAs, Ge/Si, Ge/GalnAs, Ge/ZnSe, etc. It is

also evident that the different layers can be conductivity-doped during the epitaxial

growth, creating electric fields within the nanowire and within the quantum well.

[0031] Further, more than two different materials can be used as materials for the

substrate layers, opening up even more new physics/materials effects. In one

embodiment, Si /SiGe/GaAs three-segment quantum layers contained in a nanowire can

be produced. In another embodiment, an insulating layer is provided between a p-doped

and an n-doped layer. The only factor limiting the nature of the structure is the starting

growth process used to produce the multiple layers. Also, while the enhanced etching

leading to nanowires and quantum well nanowires has been shown with AgNθ 3 chemical

etching, other chemicals are expected to exhibit similar effects and different chemicals

may be optimally suited for different material combinations.

[0032] Fig. 7 shows a Si substrate oriented with the ( 1 1 0) plane towards the

surface. The substrate was treated by the chemical etching method. SEM images revealed

that the etching occurred preferentially along the [ 1 0 0] axis, i.e., in a 60° angle towards

the surface. Nanowires obtained by that method have an interface between different

segments that is oriented at a 60° angle towards the longitudinal direction of the

nanowire.
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[0033] Fig. 8 shows a two layer Si substrate oriented with the ( 1 1 1) plane

towards the surface. The substrate was treated by the chemical etching method.

[0034J Fig. 9 shows SEM images revealed that the etching occurred preferentially

along the [ 1 0 0] axis, i.e., that the nanowircs are oriented in an angle of 54.7° towards

the surface. The nanowires that were obtained by this method have an interface between

different segments that is oriented in a 54.7° angle towards the longitudinal direction of

the nanowire.

[0035] Fig. 10 shows a top-down view, 1,000-fold magnification of silicon

nanowires obtained from a substrate etched from the ( 1 1 1) plane. Etching was

performed for 20 minutes at 50 0C using the original solution.

[0036] Fig. 11 shows a side-view, 5,000-fold magnification SEM image of silicon

nanowires obtained from a substrate etched from the ( 1 1 1) plane, the nanowires foπning

a 54.7 degree angle with the substrate.

10037] The term 'comprising" (and its grammatical variations) as used herein is

used in the inclusive sense of "having" or "including" and not in the exclusive sense of

"consisting only of." The terms "a" and ' the" as used herein are understood to

encompass the plural as well as the singular.

[0038] All publications, patents and patent applications cited in this specification

are herein incorporated by reference, and for any and all purpose, as if each individual

publication, patent or patent application were specifically and individually indicated to be

incorporated by reference. In the case of inconsistencies, the present disclosure will

prevail.

[0039] The foregoing description of the disclosure illustrates and describes the

present disclosure. Additionally, the disclosure shows and describes only the preferred
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embodiments but, as mentioned above, it is to be understood that the disclosure is capable

of use in various other combinations, modifications, and environments and is capable of

changes or modifications within the scope of the concept as expressed herein,

commensurate with the above teachings and/or the skill or knowledge of the relevant art.

[0040] The embodiments described hereinabove are further intended to explain

best modes known of practicing it and to enable others skilled in the art to utilize the

disclosure in such, or other, embodiments and with the various modifications required by

the particular applications or uses. Accordingly, the description is not intended to limit it

to the form disclosed herein. Also, it is intended that the appended claims be construed to

include alternative embodiments.
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What is claimed is:

1. A method of obtaining a segmented nanowire, comprising:

partially removing a first material and a second material different from the

first material from a layered structure comprising the first material and the

second material, thereby obtaining the segmented nanowire having a segment

of the first material and a segment of the second material.

2 . The method of claim 1, wherein the partially removing comprises chemical

etching.

3. The method of claim 2, wherein the chemical etching comprises applying a

hydrogen fluoride/silver nitrate solution.

4. The method of claim 2, wherein the chemical etching occurs predominantly

along the direction of a crystallographic axis of the first material or of the

second material.

5. The method of claim 4, wherein the chemical etching occurs predominantly

along the direction of the [ 1 0 0] crystallographic axis.

6. The method of claim 1, wherein the first material is n-dopcd Si and the second

material is p-doped Si, or the first material is p-doped Si and the second

material is n-doped Si.

7. The method of claim 1, wherein the layered structure comprises a plurality of

layers of at least two different materials.

8. The method of claim 1, wherein the segmented nanowire is a segmented nano-

ribbon.

9. The method of claim 1, wherein the segmented nanowire has a faceted

surface.

10. The method of claim 1, wherein the first material and the second material are

selected from the group consisting of Si, SiGe, GaP, GaAsP, ZnS, Ge, GeAs,

GaInAs and ZnSe.

11. The method of manufacturing an electrical, optical, and thermoelectric device

comprising obtaining a segmented nanowire according to the method of claim

1.
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12. A method of obtaining a segmented nanowire, comprising:

forming a first layer of a first material,

forming a second layer of a second material different from the first

material adjacent to the first material, and

partially removing the first material and the second material, thereby

obtaining a segmented nanowire having a segment of the first material and a

segment of the second material.

13. The method of claim 12, wherein the forming of the first layer or the forming

of the second layer comprises epitaxial growth.

14. The method of claim 12, wherein the forming of the first layer or the forming

of the second layer comprises depositing a polycrystalline material.

15. The method of claim 12, further comprising forming a plurality of layers of at

least two different materials prior to the partially removing.

16. The method of claim 12, wherein the first material and the second material are

selected from the group consisting of Si5 SiGe, GaP, GaAsP, ZnS, Ge, GeAs,

GaInAs and ZnSe.

17. The method of manufacturing an electrical, optical, or thermoelectric device

comprising obtaining a segmented nanowire according to the method of claim

12.

18. A segmented nanowire comprising a first segment of a first material, and a

second segment of a second material, wherein an interface between the first

segment and the second segment is oriented in an angle towards a longitudinal

direction of the segmented nanowire.

19. A solar cell comprising the segmented nanowire according to claim 18.

20. A vertical cavity surface emitting laser, a light-emitting diode, or an opto

electronic device comprising the segmented nanowire according to claim 18.
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