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SUPER LATTICE/QUANTUM WELL

silicon nanoWires out of a planar substrates With tWo or more

different semiconductor layers.

NANOWIRES

BRIEF DESCRIPTION OF THE FIGURES

TECHNICAL FIELD

FIG. 1 shoWs a schematic of the related art method for

The present disclosure relates to nanoWires comprising
segments of different semiconductor materials and a method

producing etched, non-segmented silicon nanoWires on a sili

of making these nanoWires. More particularly, the disclosure

con Wafer.

is related to nanoWires comprising a built-in super lattice/
quantum Well structure.

ires formed by chemical etching of a (1 0 0) silicon substrate.

FIG. 2 shoWs a SEM cross section vieW of silicon nanoW

FIG. 3 shoWs a schematic cross-section of a segmented

BACKGROUND

nanoWire With incorporated quantum Wells.
FIGS. 4a and 4b shoW SEM images of a cross-section and
a top doWn vieW of Si/ SiGe/ Si nanoWires formed by chemical

Semiconductor nanoWires are gaining interest as compo
nents for micro- and nanoscale devices due to their novel

etching.

electrical and optical properties that include neW realms of

FIG. 5 shoWs the schematic of the preparation of nanoWires
With a vertical p-n junction.

physics stemming from the quantum mechanical dimension
of these nanoWires. Materials such as SiGe, strained Si, super

FIG. 6 shoWs a cross-section of nanoWires With a vertical

lattices, and quantum Wells in their bulk form have unique
properties, Which make these materials useful in a number of

20

FIG. 7 shoWs silicon nanoWires obtained from a substrate

optical and electrical devices.
Traditionally, silicon nanoWires have been groWn epitaxi
ally on top of a silicon substrate using chemical vapor depo
sition method, such as the method described in US2007/
0222074 A1 or groWing Si nanoWires in a patterned template
de?ned by diblock copolymer on top of a silicon substrate.
US2006/0098705 A1 describes a method of groWing Si
nanoWires and quantum dots on top of a patterned silicon

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
25

FIG. 8 shoWs a top-doWn vieW, 500-fold magni?cation of

(1 1 1) plane.
30

FIG. 9 shoWs a side-vieW SEM image, 10,000-fold mag
ni?cation 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.

junction With embedded quantum dots by CVD.
The chemical method of etching a uniformly doped Si
substrate to form Si nanoWires has been discussed in the

0 0] crystalline direction.
silicon nanoWires obtained from a substrate etched from the

substrate by the chemical vapor deposition (CVD) method.
US 2005/0248003 A1 describes a method of forming hetero
junction nanoWires by a chemical vapor method. US 2007/
0235738 A1 describes a method to form p-Si/n-Si nanoWire

p-n junction prepared according to the schematic in FIG. 5.

FIG. 10 shoWs a top-doWn vieW, 1,000-fold magni?cation
of silicon nanoWires obtained from a substrate etched from
35

the (1 1 1) plane.

published Work of K. Q. Peng et al. (Adv. Mater. 14(2002)
1164; J. Electroanal. Chem. 558 (2003) 35; Adv. Funct.

FIG. 11 shoWs a side-vieW, 5,000-fold magni?cation SEM
image of silicon nanoWires obtained from a substrate etched

Mates. 13 (2003) 127.). FIG. 1 shoWs a schematic of hoW
silicon nanoWires Were obtained by the method of Peng et al.

from the (1 1 1) plane, the nanoWires forming a 54.7 degree
angle With the substrate.
40

SUMMARY OF THE INVENTION

DETAILED DESCRIPTION OF THE VARIOUS
EMBODIMENTS

Disclosed herein are segmented nanoWires and a method of

A multi-layer substrate comprising various alternating

producing these segmented nanoWires. The nanoWires dis
closed herein have a high probability of exhibiting even more

45

novel physical properties by combining superlattice and

etching treatment. The substrate is etched to form semicon

quantum Well structures in a nanoWire form, creating a three
dimensional quantum Well structure instead of the normal
tWo-dimensional.
After forming a substrate of tWo or more layers of semi

ductor nanoWires With embedded quantum Wells or a super
lattice structure Within the semiconductor nanoWires. A pre
50

are nanoWires containing multiple layers of alternate materi
als With quantum dimensions. For example, Si nanoWires

cal etching begins at some locations on the surface of the

having Ge or SiGe layers in a stacked geometry. The quantum

substrate. The semiconductor material can be oriented With a

nanoWires having segments of different materials corre
sponding to the materials in the different layers remain at

ferred semiconductor is silicon. Particularly preferred are

n-doped and p-doped silicon. Speci?cally, disclosed herein

conductor materials, the substrate is partially removed With
out using a template by chemical etching. Initially, the chemi

particular crystal plane toWards the surface, such as the (1 1 1)
or the (1 1 0) plane. The chemical etching occurs predomi
nantly along a crystallographic axis of the semiconductor
material, for silicon it is the [1 0 0] direction, such that

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

55

Well is derived by incorporating alternate layers of Si, SiGe,
Si, SiGe, etc. The structure is not limited to SiGe; Ge nanoW

ires could incorporate GaAs layers, Si nanoWires could incor
porate GaP, GaAsP, or other ITT-V or IT-VI material. Such a
sea of quantum Well nanoWires Would exhibit modi?cations
60

in optical properties such as enhanced absorption due to

locations at Which little or no chemical etching occurred. The

modi?cations in the band structure as Well as modi?ed elec

interface betWeen different segments can be perpendicular to
or at an angle With the longitudinal direction of the segmented
nanoWire.
The disclosed chemical etching method is a subtractive
approach that creates semiconductor nanoWires With SiGe,

trical properties. In some embodiments, the cross-section of
the Wires are smaller in one dimension than in the other, i.e.,

Ge quantum Well structures, and vertical junctions Within

the cross-section is elliptical rather than circular. Being able
65

to control all three dimensions of a segment in a nanoWire

alloWs ?ne-tuning the electrical and optical properties. Spe
ci?c examples are set forth beloW.

US 8,273,591 B2
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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 seg
ments Whereas other embodiments consist of a plurality of
segments. The disclosure of a certain number of segments

strate immersed in the standard solution at temperature of 35°

C. for 30 minutes gave about 6 micron long nanoWires, and
the same substrate in the same solution at a temperature of 50°

C. for 30 minutes gave about 16 micron long nanoWires.
5

When the same experiments Were carried out in an ultrasoni

cation tank, Which provides strong agitation, the etching rate
doubled compared to a stationary etching solution.
The etching rate is not particularly sensitive to the dopant
type or the dopant density in the semiconductor substrate,

shall not be construed to mean that a segmented nanoWire

may not contain additional segments.
The thickness of a layer in the substrate is the main factor

except for undoped silicon (intrinsic silicon). Doping With P,

determining the length of a segment in the resulting nanoWire.

B, or As, resulting in resistivities of 0.01 ohm-cm and 100

The thickness of a layer can be adjusted depending on the

ohm-cm for both p-type and n-type dopants, produced semi
conductor nanoWires of similar length and geometry. Intrinsic

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

silicon, hoWever, behaved quite differently. The etching rate

SiGe and Ge layers can be betWeen 10 nm and 10 microns as

of intrinsic silicon (resistivity of 9999 ohm-cm) Was 20 times

Well.

sloWer than in doped silicon samples.

FIG. 2 shoWs the formation of silicon nanoWires by using
the same chemical etching method of uniform (100) Si sub
strate. The protected edge on the right is shoWn to indicate

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

20

that the SiGe thickness is beloW the critical thickness and no

that the formation of silicon nanoWires starts from the top
surface of the substrate.

relaxation/defects take place. Upon performing the Ag-en

Si nanoWires have been obtained by etching the (1 0 0)

hanced etching, nanoWires containing SiGe/ Si quantum Wells

plane of a Si Wafer surface With an HFiAgNO3 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

25

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

30

and 4b respectively 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.
Si nanoWires With built-in vertical p-n junctions can be
created by doping a silicon substrate With p- and n-dopants

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 then folloWed by chemical etching in AgNO3iHF solu

and the substrate surface are left clean of reaction byproducts

tions. FIG. 5 shoWs the sequence of creating silicon nanoW

Which plague other methods of creating nanoWires.
In a preferred embodiment, the chemical etching reagent is
a mixture of silver nitrate (AgNO3) and hydrogen ?uoride

ires With p-n junctions and FIG. 6 shoWs a cross section SEM
35

groW epitaxial layers, and possibly polycrystalline groWth

(HP) in aqueous solution. A preferred molar ratio of HP to
AgNO3 is 120 to 480, particularly preferred is a range of
about 240. The etching solutionused for obtaining the nanoW
ires in FIG. 3 contained a 1:1 mixture of 3.4 g/l (0.02M)

AgNO3+1 :5 (4.8M) HF solution, accordingly the molar ratio

image of such a sample after etching.
The choice of materials is only dependent on the ability to
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,
40

Ge/GaInAs, Ge/ZnSe, etc. It is also evident that the different

of HF/AgNO3 in the solution Was equal to 240. The 1:1

layers can be conductivity-doped during the epitaxial groWth,

mixture of AgNO3/HF can also be either diluted or concen
trated up to 5-10 times and still form semiconductor nanoW

creating electric ?elds Within the nanoWire and Within the
quantum Well.

ires but With substantial difference in etching rate. If the
solution contained a large excess of AgNO3, for example, an

Further, more than tWo different materials can be used as
45

HF/AgNO3 molar ratio of 24, the etching became planar

physics/materials effects. In one embodiment, Si/SiGe/GaAs
three-segment quantum layers contained in a nanoWire can be

Without resulting in the formation of nanoWires. A large
excess of HP in the solution, for example, an HF/AgNO3
molar ratio of 2400, did not result in the formation of nanoW
ires and the silicon Was barely etched at all.
A solution temperature in the range between 00 C. and 90°
C. is preferred, With a temperature around room temperature

50

being particularly preferred. The main effect of the solution
temperature on the nanoWire formation is that the etching rate
increases With increasing temperature. NanoWires With a
length betWeen 1.0 and 1.5 micron have been obtained after
10-minutes etching at a temperature of 20° C. in the standard

60

the nanoWires Were in the shape of a nano-ribbon. The etching
rate is dependent on the solution concentration, solution tem

perature, and also the agitation. A (1 0 0) silicon substrate
immersed in the standard solution (3.4 g/l (0.02M) AgNO3
plus 1:5 (4.8M) HP) at a temperature of20° C. for 30 minutes
resulted in about 3 micron long nanoWires. The same sub

produced. In another embodiment, an insulating layer is pro
vided 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 AgNO3 chemical etching,
other chemicals are expected to exhibit similar effects and

55

solution of 3.4 g/l (0.02M) AgNO3 plus 1:5 (4.8M) HP.
The Wire cross-sectional dimension ranged from 10 nm to
500 nm, and Were faceted and not round. Usually one dimen
sion Was smaller than the other, and under some conditions

materials for the substrate layers, opening up even more neW

65

different chemicals may be optimally suited for different
material combinations.
FIG. 7 shoWs a Si substrate oriented With the (1 1 0) plane
toWards the surface. The substrate Was treated by the chemi

cal 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.
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.

US 8,273,591 B2
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FIG. 9 shows SEM images revealed that the etching
face. The nanoWires that Were obtained by this method have

forming a ?rst layer of a ?rst material,
forming a second layer of a second material different from
the ?rst material adjacent to the ?rst material, and
partially removing the ?rst material and the second mate

an interface betWeen different segments that is oriented in a

rial, thereby obtaining a segmented nanoWire having a

occurred preferentially along the [1 0 0] axis, i.e., that the
nanoWires are oriented in an angle of 54.70 toWards the sur

54.70 angle toWards the longitudinal direction of the nanoW

segment of the ?rst material and a segment of the second

1re.

material,

FIG. 10 shoWs a top-doWn vieW, 1,000-fold magni?cation

Wherein the forming of the ?rst layer or the forming of the

of silicon nanoWires obtained from a substrate etched from

second layer comprises depositing a polycrystalline
material, and

the (1 1 1) plane. Etching Was performed for 20 minutes at 50°
C. using the original solution.
FIG. 11 shoWs a side-vieW, 5,000-fold magni?cation SEM

Wherein an interface betWeen the segment of the ?rst mate

rial and the segment of the second material is oriented in
a non-perpendicular angle toWards a longitudinal direc
tion of the segmented nanoWire.

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.
The term “comprising” (and its grammatical variations) as

15

3. The method of claim 2, Wherein the chemical etching
comprises applying a hydrogen ?uoride/silver nitrate solu

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.

20

All publications, patents and patent applications cited in
this speci?cation are herein incorporated by reference, and
for any and all purpose, as if each individual publication,

patent orpatent application Were speci?cally and individually
indicated to be incorporated by reference. In the case of

Within the scope of the concept as expressed herein, commen
surate With the above teachings and/ or the skill or knowledge
of the relevant art.

6. The method of claim 1, Wherein the segmented nanoWire
7. The method of claim 1, Wherein the segmented nanoWire
has a faceted surface.
30

groWth.
9. The method of claim 1, further comprising forming a
plurality of layers of at least tWo different materials prior to
35

the partially removing.
10. The method of claim 1, Wherein the ?rst material and
the second material are selected from the group consisting of

Si, SiGe, GaP, GaAsP, ZnS, Ge, GeAs, GalnAs and ZnSe.
11. The method of manufacturing an electrical, optical, or
40

thermoelectric device comprising obtaining a segmented
nanoWire according to the method of claim 1.
12. The method of claim 1, Wherein said angle is about 60°.
13. The method of claim 1, Wherein said angle is about

the description is not intended to limit it to the form disclosed
herein. Also, it is intended that the appended claims be con
strued to include alternative embodiments.
What is claimed is:
mg:

8. The method of claim 1, Wherein the forming of the ?rst

layer or the forming of the second layer comprises epitaxial

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 modi?cations

1. A method of obtaining a segmented nanoWire, compris

tallographic axis.
is a segmented nano-ribbon.

The embodiments described hereinabove are further

required by the particular applications or uses. Accordingly,

tion.
4. The method of claim 2, Wherein the chemical etching
occurs predominantly along the direction of a crystallo
graphic axis of the ?rst 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] crys
25

inconsistencies, the present disclosure Will prevail.
The foregoing description of the disclosure illustrates and
describes the present disclosure. Additionally, the disclosure
shoWs and describes only the preferred embodiments but, as
mentioned above, it is to be understood that the disclosure is
capable of use in various other combinations, modi?cations,
and environments and is capable of changes or modi?cations

2. The method of claim 1, Wherein the partially removing

comprises chemical etching.

54.7°.
45

