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20 nethod in which a tenplate layer is deposited onto a non-crystalline
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conprising a single crystal sem conductor |ayer fornmed froman ordered

array of nucleation sites SUMMARY

The invention features a novel single crystal semiconductor film formation
20 method in which a template layer is deposited onto a non-crystalline surface to serve
as a seed layer for the subsequent epitaxial growth of a single crystal semiconductor
film.
In one aspect, the invention features a method of forming a single crystal
semiconductor film on a non-crystalline surface. In accordance with this inventive
25 method, a template layer incorporating an ordered array of nucleation sites is
deposited on the non-crystalline surface, and the single crystal semiconductor film is
formed on the non-crystalline surface from the ordered array of nucleation sites.
As used herein, the phrase “forming a single crystal semiconductor film from
an ordered array of nucleation sites” refers broadly to the transfer of ordering

30 information from the nucleation sites to the single crystal film being deposited.



defined by an array of organic nol ecul es di sposed over a non-crystalline
" layer. Anong the advantages of the invention are the follow ng. The
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films of any desired orientation on an anorphous-|layer. This feature

enabl es high quality, vertically integrated sem conductor devices (e.g.,
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20 A non-crystalline layer may be formed over the single crystal semiconductor
film, and a second template layer incorporating an ordered array of nucleation sites
may be deposited on the non-crystalline layer. A second single crystal
semiconductor film may be formed from the ordered array of nucleation sites of the
second template layer.

25 In another aspect, the invention features an integrated circuit, comprising a
single crystal semiconductor layer formed from an ordered array of nucleation sites
defined by an array of organic molecules disposed over a non-crystalline layer.

Among the advantages of the invention are the following.
The invention provides a method of forming single crystal semiconductor

30 films of any desired orientation on an amorphous layer. This feature enables high

quality, vertically integrated semiconductor devices (e.g., complementary metal-



5 to depict every feature of actual enbodinments or relative dinmensions of
the depicted el enents, and are not drawn to scale. Referring to FIGS. 1 and
2A- 2E, a WNOhe/»9rystal sem conductor filmmay be forned opcBHUS01/29382
non-crystalline surface as follows. A tenplate |ayer 10 incorporating an
ordered array of nucleation sites 12 is deposited on a non-crystalline
surface 14 (step | 01 G . Asingle crystal sem conductor film18 is
formed akideBeidssidaktdrEMOs) d&&hc d eation
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| ayer 18 may be fornmed fromthe ordered array of nucl'eation sites 12 using
many di $¥@Hent film growth processes, including vapor phase deposition
(e.g., chem cal vapor deposition and nol ecul ar beam epitaxy), |iquid phase
crystallization (e.g., liquid phase epitaxy and zone nelting
recrystallization) and solid-state crystallization techniques. 25 Referring
to FIGS. 2C and 2D, in a vapor phase crystallization process, a suitable
vapori zed sem conductor species 30 is introduced into the space above the
ordered array of nucleation sites 12 on non-crystalline surface 14. The
ordered array of nucleation sites 12 defines an array of |ow energy (or

ot herwi se preferred) bonding sites for the constituent conponents of single
crystal seniconductor |ayer 18 30 and* therefore, serves as a suitable seed
| ayer for the gromh of a single crystal sem conductor film The substrate
supporting the non-crystalline surface 14 may be 6
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amorBhousirEice ilédn anrembge of difearerly Ways- anmor phous gl ass 30 substrate) .
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tight-packed monolayer of the matrix-forming material. In some embodiments, the

matrix-forming material may be polymerized by irradiation (e.g., ultraviolet
25  irradiation, gamma irradiation, x-ray irradiation, and electron beam exposure).
Template layer 10 is deposited onto non-crystalline surface 14 from the aqueous
solution inside the Langmuir-Blodgett trough. In some embodiments, a substrate
carrying the non-crystalline surface 14 is immersed vertically into the aqueous
solution inside the Langmuir-Blodgett trough. As the substrate is withdrawn from
30  the Langmuir-Blodgett trough, a monolayer of the matrix-forming material is

deposited onto non-crystalline surface 14 to form template layer 10. The matrix-



34. Single crystal silicon film18 may be grown over the entire passivation
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25 Referring to FIGS. 2C and 2D, in a vapor phase crystallization process, a
suitable vaporized semiconductor species 30 is introduced into the space above the
ordered array of nucleation sites 12 on non-crystalline surface 14. The ordered array
of nucleation sites 12 defines an array of low-energy (or otherwise preferred)
bonding sites for the constituent components of single crystal semiconductor layer 18

30 and, therefore, serves as a suitable seed layer for the growth of a single crystal

semiconductor film. The substrate supporting the non-crystalline surface 14 may be
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EXAMPLE 1
25 Template layer 10 may serve as a seed layer for a single crystal elemental

semiconductor film. For example, template layer 10 may serve as a seed layer for a
single crystal silicon film having a (111) crystallographic orientation. The single
crystal silicon film may be grown on a non-crystalline surface (e.g., an amorphous
silicon dioxide layer, an amorphous silicon nitride layer or an amorphous glass

30 substrate). Template layer 10 may include a Langmuir-Blodgett film formed from

organic molecules that incorporate one or more silicon atoms and that, when
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15 and a second single crystal silicon film may be formed on the second amorphous

insulating layer. Multiple integrated circuit layers may be formed by growing
additional single crystal films on each subsequent amorphous insulating layer. This
technique may be used to form high density three-dimensional integrated circuit
structures.

20 EXAMPLE 2

Template layer 10 may serve as a seed layer for a compound semiconductor

film. For example, template layer 10 may serve as a seed layer for a single crystal
gallium arsenide film grown on a non-crystalline surface (e.g., an amorphous silicon
dioxide layer, an amorphous silicon nitride layer or an amorphous glass substrate).

25 Template layer 10 may include a Langmuir-Blodgett film formed from organic
molecules that incorporate gallium and arsenic atoms and that, when polymerized,
form a close-packed film with appropriate respective spacing between the gallium
atoms and the arsenic atoms that match the gallium and arsenic spacing in a single
crystal gallium arsenide film. A variety of different molecules may be used to form

30  the Langmuir-Blodgett film, including n-dodecanoic acid (lauric acid), eicosanoic
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$3 10% ()- #I%lt Zagéb(o)ve descrlbelrExamples the template layers incorporate the atoms
found in the single crystal semiconductor films to be grown. In other embodiments,
5 the template layers may incorporate atoms that are different from the atoms of the
single crystal semiconductor films. In general, the incorporated atom spacing should
substantially match the lattice constant (or a multiple of the lattice constant) of the
single crystal semiconductor film. The incorporated atoms also should be chemically
compatible with the depositing species so that the depositing atoms of the single
10 crystal semiconductor film may orient in proper relation to the ordered array of
nucleation sites defined by the incorporated atoms. In addition, the atoms
incorporated into the template layer should not interfere with the growth of the
single crystal semiconductor film (e.g., they should not promote decomposition of
the incoming film-forming species, unless desired), nor should they adversely affect
15 the physical or electronic properties of the subsequently formed single crystal
semiconductor film.

Other embodiments are within the scope of the claims.
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1 2. The method of claim 1, wherein the template layer comprises an

2 ordered array of organic molecules.

1 3. The method of claim 2, wherein the organic molecules incorporate an

2 inorganic species defining the ordered array of nucleation sites.

1 4, The method of claim 3, wherein the inorganic species comprises one or

2 more components of the single crystal semiconductor film.

1 5. The method of claim 1, wherein the template layer is a Langmuir-

2 Blodgett film.

1 6. The method of claim 1, wherein the template layer comprises a close-
2 packed matrix of polymerized organic monomers each incorporating one or more

3  silicon atoms, and the single crystal semiconductor film is an epitaxial silicon film.

1 7. The method of claim 1, wherein the template layer comprises one or

2 more monolayers.

1 8. The method of claim 1, further comprising processing the deposited

2 template layer to expose the ordered array of nucleation sites.

1 9. The method of claim 8, wherein the template layer is processed by

2 removing one or more volatile components of the template layer.

1 10,  The method of claim 8, wherein the template layer is processed by

2 heating.

10
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2 evaporation-based deposition process.

1 13.  The method of claim 1, wherein the single crystal semiconductor film is

2 formed by a vapor phase deposition process.

1 14.  The method of claim 1, wherein the single crystal semiconductor film is

2 formed by a solid-state crystallization process.

1 15.  The method of claim 1, wherein the single crystal semiconductor film is

2 formed by a zone melting recrystallization process.

1 16.  The method of claim 1, further comprising forming a non-crystalline

2 layer over the single crystal semiconductor film, and depositing on the non-

3 crystalline layer a second template layer incorporating an ordered array of nucleation
4 sites, and forming a second single crystal semiconductor film from the ordered array

5 of nucleation sites of the second template layer.

1 17. A method of forming a single crystal semiconductor film on a non-

2 crystalline surface, comprising:

3 depositing on the non-crystalline surface a template layer comprising a

4  Langmuir-Blodgett film incorporating an inorganic species defining an ordered array

5  of nucleation sites;

6 processing the template layer to expose the ordered array of nucleation sites;
7 and
8 forming the single crystal semiconductor film on the non-crystalline surface

9 from the ordered array of nucleation sites.

1 18.  The method of claim 17, wherein the template layer is deposited on the

2 non-crystalline surface by a Langmuir-Blodgett deposition prdcess.

11
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