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SEMICONDUCTOR STRUCTURE AND METHOD

FIELD OF TECHNOLOGY

This disclosure concerns semiconductor structures and
methods for forming thereof. In particular, this dis-
closure concerns silicon oxide structures for surface

passivation of silicon-based semiconductor devices.

BACKGROUND

Silicon 1is the most common substrate material in con-
ventional semiconductor devices, such as transistors,
capacitors, diodes, photodiodes, and other types of
microelectronic and photonic components. In all such
devices, interface quality of a substrate is of utmost

importance.

In conventional devices, surfaces of silicon sub-
strates are typically passivated by growing a layer of
thermal oxide onto said surfaces. However, known oxi-
dation methods result in amorphous silicon oxide lay-
ers. The amorphousness of such oxide layers necessari-
ly leads to existence of defect states at passivated
silicon surfaces. This inevitably deteriorates perfor-
mance of devices fabricated onto conventionally pas-
sivated substrates. Moreover, conventional oxidation
procedures rely on relatively high processing tempera-
tures, which may deteriorate properties of silicon
substrates and/or structures fabricated onto such sub-
strates. In light of such challenges, it may be desir-
able to develop new solutions related to passivation

of silicon surfaces.
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In US 20060003500 Al, a method is disclosed where one
atomic layer of oxygen is deposited self-limitedly on
an existing silicon surface to form one molecular lay-

er of crystalline silicon dioxide.

SUMMARY

This summary 1s provided to introduce a selection of
concepts 1in a simplified form that are further de-
scribed below in the Detailed Description. This Sum-
mary 1s not intended to identify key features or es-
sential features of the claimed subject matter, nor is
it intended to be used to 1limit the scope of the

claimed subject matter.

According to a first aspect, a semiconductor structure
is provided. The semiconductor structure comprises a
crystalline silicon substrate, having a surface, and a
crystalline silicon oxide superstructure on the sur-
face of the silicon substrate, the silicon oxide su-
perstructure having a thickness of at least two molec-
ular layers and a (1 x 1) plane structure using Wood’s

notation.

According to a second aspect, a method for forming a
semiconductor structure, comprising a crystalline sil-
icon substrate and a crystalline silicon oxide super-
structure on the silicon substrate, is provided. The
method comprises providing the silicon substrate, hav-
ing a substantially clean deposition surface in a vac-
uum chamber; heating the silicon substrate to an oxi-
dation temperature Ty in a range from 100 to 530 °C;
and, while keeping the silicon substrate at the oxida-
tion temperature, supplying molecular oxygen (0O,;) into

the vacuum chamber with an oxidation pressure Py, in a
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range from 1 x 107%® millibars (mbar) to 1 x 107* mbar
and an oxygen dose Dy 1in a range from 0.1 to 10

000 Langmuir (L).

Through this, the crystalline silicon oxide super-
structure is formed on the deposition surface, the
silicon oxide superstructure having a thickness of at
least two molecular layers and a (1 x 1) plane struc-

ture using Wood’s notation.

According to a third aspect, the present disclosure
relates to use of a crystalline silicon oxide super-
structure, having a (1 x 1) plane structure using
Wood’ s notation, in a semiconductor structure for pas-
sivation of a surface of a crystalline silicon sub-

strate.

In an embodiment of the third aspect, the semiconduc-
tor structure is a semiconductor structure in accord-
ance with the first aspect or any embodiment of the
first aspect. It is specifically to be understood that
a crystalline silicon oxide superstructure may be used
according to the third aspect for passivation of a
surface of a crystalline silicon substrate in a semi-
conductor structure according to the first aspect or

any embodiment of the first aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will be better understood from
the following Detailed Description read in light of

the accompanying drawings, wherein:

FIG. 1 shows a cross-sectional view of a sem-

iconductor structure,
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FIG. 2 illustrates a method for forming a

semiconductor structure, and

FIGs. 3a, 3b, and 3¢ depict scanning tunnel-

ing microscopy images of a silicon sample.

FIGs. 4a and 4b show scanning tunneling mi-

croscopy images of another silicon sample.

Unless specifically stated to the contrary, any draw-
ing of the aforementioned drawings may be not drawn to
scale such that any element in said drawing may be
drawn with inaccurate proportions with respect to oth-
er elements in said drawing in order to emphasize cer-
tain structural aspects of the embodiment of said

drawing.

Moreover, corresponding elements in the embodiments of
any two drawings of the aforementioned drawings may be
disproportionate to each other in said two drawings in
order to emphasize certain structural aspects of the

embodiments of said two drawings.

DETAILED DESCRIPTION

FIG. 1 schematically depicts a partial cross-sectional
view of a semiconductor structure 100 according to an

embodiment.

In this specification, a “semiconductor” may refer to
a material, such as silicon (Si), possessing a conduc-
tivity intermediate between the conductivity of con-
ductive materials, such as metals, and the conductivi-
ty of insulating materials, such as many plastics and
glasses. A semiconductor, e.g., Si, may or may not

have a crystalline structure.
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Herein, “crystalline” structure of a material may re-
fer to constituents, such as atomic nuclei, of said
material forming an ordered, three-dimensional crystal

lattice.

Further, a “semiconductor structure” may refer to a
structure which may comprise all or only part of
structural parts, layers, and/or other elements of a
complete, operable semiconductor component, element,
or device, such as a transistor, e.g., a power tran-
sistor or a phototransistor; a capacitor; a diode,
e.g., a photodiode or a power diode; a microprocessor;
or a photonic device, e.g., a display, photodetector,
or a solar cell. In the case of forming only a part of
such component, element, or device, the term “struc-
ture” may be considered as a structure “for”, or a
building block of, such component, element, or device.
In particular, a semiconductor structure may generally
comprise non-semiconducting materials, such as conduc-
tors and/or insulators, 1n addition to semiconductor

materials.

In the embodiment of FIG. 1, the semiconductor struc-
ture 100 comprises a crystalline silicon sub-

strate 110.

Throughout this disclosure, a “substrate” may refer to
a solid body providing a surface, which may be flat or
slightly curved, such that material may be arranged,
deposited, etched, and/or inscribed on the surface.
For example, a substrate may comprise a wafer, com-
prising a semiconductor material, such as Si, suitable

for manufacturing various semiconductor structures
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and/or devices, e.g., integrated «circuits, solar

cells, or photodetectors.

Herein, a “surface” may refer to a finite part of a
generalization of a plane, which may have a non-zero,
possibly position-dependent curvature and which may
preferably be smooth. Further, a surface may be con-
nected, i.e., non-divisible into two disjoint sub-
surfaces, or path-connected. Some surfaces may be
simply connected. Additionally or alternatively, a
surface may refer to a part of an outer boundary of a
body or an element. A surface may specifically refer
to a part of an outer boundary of a body or an element
viewable from a particular viewing direction, or a

part thereof.

The silicon substrate 110 of the embodiment of FIG. 1
has a surface 111. In other embodiments, a silicon

substrate may generally comprise a surface.

The surface 111 of the embodiment of FIG. 1 is a crys-
talline surface. In other embodiments, a silicon sub-
strate may have an at least partly, i.e., partly or

entirely, crystalline surface.

Throughout this specification, a “crystalline surface”
may refer to a surface of a piece of crystalline mate-
rial with such translational symmetry that a two-
dimensional lattice and/or a two-dimensional unit cell
may be defined therefor. Additionally or alternative-
ly, a crystalline surface may refer to a surface of a
crystalline body, which may or may not extend (sub-
stantially) along a crystallographic plane of a bulk
lattice of said crystalline body.
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Although the surface 111 of the silicon substrate 110
is depicted in FIG. 1 as a single line segment, a sur-
face of a silicon substrate may generally comprise any
number of any type of features typical of crystalline
surfaces, such as adatoms, step adatoms, kink atoms,

step atoms, and/or surface vacancies.

In the embodiment of FIG. 1, the semiconductor struc-
ture 100 also comprises a crystalline silicon oxide
superstructure 120 on the surface 111 of the silicon

substrate 110.

In this disclosure, a “superstructure” may refer to
any structure, for example, a layer, that is arranged
on a crystalline structure, part, or element. Further,
a “layer” may refer to a generally sheet-shaped ele-
ment arranged on a surface or a body. Additionally or
alternatively, a layer may refer to one of a series of
super-imposed, overlaid, or stacked generally sheet-

shaped elements.

Further, “silicon oxide” may refer to a binary com-
pound comprising Si and oxygen (0). Silicon oxide may
refer to stoichiometric silicon dioxide (Si0,) and/or
non-stoichiometric silicon oxide (Si0x). Silicon oxide
may or may not comprise trace amounts of elements oth-

er than Si or O as impurities.

The silicon oxide superstructure 120 of the embodiment
of FIG. 1 has a thickness of at least two molecular
layers. In particular, the silicon oxide superstruc-
ture 120 has a thickness of about 3 nanometers (nm).
Generally, a higher thickness of a silicon oxide su-
perstructure may reduce a density of pinholes and/or

other defects in said silicon oxide superstructure,
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while a lower thickness may improve performance of a
semiconductor device comprising said silicon oxide su-
perstructure. In other embodiments, a silicon oxide
superstructure may have any thickness of at least two
molecular layers, for example, a thickness greater
than or equal to 1 nm, 2 nm, or 3 nm and/or less than

or equal to 10 nm, 7 nm, or 5 nm.

Throughout this specification, a “thickness” may refer
to a measurement of an element measured perpendicular
to a surface of a silicon substrate. Further, a thick-
ness of “at least two molecular layers” may refer to a
combined thickness of at least two units of a repeat-
ing structural motif of a crystalline polymorph of
silicon dioxide, e.g., quartz (for example, a-quartz).
Additionally or alternatively, a thickness of at least
two molecular layers may refer to a thickness greater

than or equal to about 0.5 nm, or 0.7 nm, or 1 nm.

Although the silicon oxide superstructure 120 is de-
picted in FIG. 1 as having a constant thickness, a
silicon oxide superstructure may generally have a
thickness which may be position-dependent, substan-

tially constant, or constant.

The silicon oxide superstructure 120 of the embodiment
of FIG. 1 has a (1 x 1) plane structure using Wood’s
notation. Such structure of a silicon oxide super-
structure may generally improve a surface quality of a
silicon substrate by reducing surface defect density.
In other embodiments, a silicon oxide superstructure

may generally have such structure.

As known to the skilled person, “Wood’s notation” is a

method for specifying a crystalline structure of an
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ordered superstructure, such as a layer, on a surface
of a crystalline substrate in terms of surface lattice
vectors derived from bulk lattice vectors of said sub-
strate. Usage of Wood’s notation may be usable if a
microstructure of a superstructure has symmetry prop-
erties related to symmetry properties of a crystalline

substrate.

Herein, a “ (1 x 1) plane structure” may refer to a
crystalline microstructure of a superstructure, for
example, an epitaxial-like superstructure, having a
crystallographic plane extending (substantially) par-
allel to a surface of a crystalline substrate. Said
crystallographic plane may have a unit cell, for exam-
ple, a primitive unit cell, with two lattice wvectors
with lengths presentable as (1 x 1) using Wood’s nota-
tion. A (1 x 1) plane structure may specifically refer
to a (1 x 1)R0° structure. In particular, a (1 x 1)
silicon oxide superstructure may or may not refer to

(1 x 1)R0°-S10, structure.

The existence of a (1 x 1) silicon oxide superstruc-
ture on a surface of a crystalline silicon substrate
may generally be directly and positively verified, for
example, by combining three types of standard surface-
characterization methods. First, a superstructure,
such as a layer, to be tested must be exposed, if nec-
essary. Then, X-ray photoelectron spectroscopy (XPS)
may be used to confirm the presence of silicon oxide
at the surface. Following XPS, low-energy electron
diffraction (LEED) analysis may be conducted. If the
LEED analysis shows a (1 x 1) pattern, scanning tun-
neling microscopy (STM) may be employed. If STM shows

no features indicative of reconstruction patterns typ-
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ical of clean, unoxidized silicon surfaces but, in-
stead, patterns, such as rows, with inter-pattern dis-
tances similar to and/or substantially equal (for ex-
ample, same within 25 %, or 20 %, or 10 %) to a rele-
vant lattice constant of the surface of the crystal-
line silicon substrate, a (1 x 1) silicon oxide super-

structure exists on the surface.

In the embodiment of FIG. 1, the semiconductor struc-
ture 100 further comprises a dielectric capping lay-
er 130 on the silicon oxide superstructure 120. Such
capping layer may generally passivate a silicon oxide
superstructure, prolonging its lifetime. Additionally
or alternatively, such capping layer may facilitate
utilizing a semiconductor structure in a semiconductor
device, such as a field-effect transistor or a capaci-
tor, wherein a dielectric layer of sufficiently high
thickness and/or relative permittivity is required. In
other embodiments, a semiconductor structure may or
may not comprise a capping layer on a silicon oxide

superstructure.

Herein, a “capping layer” may refer to a layer ar-
ranged on a silicon oxide superstructure, which may
cover said silicon oxide superstructure at least part-

ly, i.e., partly or entirely.

The capping layer 130 of the embodiment of FIG. 1 may
be amorphous. In other embodiments, wherein a semicon-
ductor structure comprises a capping layer, said cap-
ping layer may have any suitable at least partly or-
dered (for example, crystalline, semicrystalline, or
quasicrystalline) or disordered (for example, amor-

phous) structure.
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The capping layer 130 of the embodiment of FIG. 1 may
have, for example, a thickness of about 10 nm. A high-
er thickness of a capping layer may increase a pas-
sivation effect conferred by said capping layer, while
a lower thickness may provide other advantageous fea-
tures 1in a semiconductor device. In other embodiments,
wherein a semiconductor structure comprises a capping
layer, said capping layer may have any suitable thick-
ness, for example, a thickness greater than or equal
to 1 nm, 2 nm, or 5 nm and/or less than or equal to

500 nm, 250 nm, or 100 nm.

The capping layer 130 of the embodiment of FIG. 1 may
comprise a dielectric material with a relative permit-
tivity (x) greater than or equal to 10. Examples of
such materials include hafnium oxide (HfO;), tantalum
oxide (Tay0s), hafnium silicate (HfSi04), titanium di-
oxide (Ti0;), strontium titanate (SrTiOs3), barium ti-
tanate (BaTiOsz), lanthanum aluminum oxide (LaAlOsz),
zirconium dioxide (Zr0;), zirconium silicate (ZrSiQ.),
cerium oxide (CeOy), vttrium oxide (Y,;03), or a mixture
thereof. In other embodiments, a capping layer may
comprise any suitable dielectric material(s), for ex-
ample, oxide, nitrides, oxynitrides, silicates, and/or
titanates, which may or may not have a relative per-
mittivity greater than or equal to 10, greater than or

equal to 20, or greater than or equal to 50.

It is to be understood that any of the preceding em-
bodiments of the first aspect may be used in combina-
tion with each other. In other words, several of the
embodiments may be combined together to form a further

embodiment of the first aspect.
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Above, mainly structural and material aspects of semi-
conductor structures are discussed. In the following,
more emphasis will lie on aspects related to methods
for forming semiconductor structures. What 1s said
above about the ways of implementation, definitions,
details, and advantages related to the structural and
material aspects apply, mutatis mutandis, to the meth-
od aspects discussed below. The same applies vice ver-

sa.

It is specifically to be understood that a method ac-
cording to the second aspect may be used to provide a
semiconductor structure according to the first aspect
and any of the embodiments described in relation to
the first aspect. Correspondingly, any semiconductor
structure according to any embodiment of the first as-
pect may be fabricated using a method according to the

second aspect.

FIG. 2 depicts a method 200 for forming a semiconduc-
tor structure, comprising a crystalline silicon sub-
strate and a crystalline silicon oxide superstructure

on the silicon substrate, according to an embodiment.

In the embodiment of FIG. 2, the method 200 comprises,
in process 201, providing the silicon substrate, hav-
ing a substantially clean deposition surface in a vac-
uum chamber. In other embodiments, a method for form-
ing a semiconductor structure, comprising a crystal-
line silicon substrate and a crystalline silicon oxide
superstructure on the silicon substrate, may generally

comprise providing the silicon substrate.

In this specification, a “process” may refer to a se-

ries of one or more steps, leading to an end result.
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As such, a process may be a single-step or a multi-
step process. Additionally, a process may be divisible
to a plurality of sub-processes, wherein individual
sub-processes of such plurality of sub-processes may
or may not share common steps. Herein, a “step” may
refer to a measure taken in order to achieve a pre-

defined end result.

Throughout this disclosure, “providing” may refer to
arranging available the element or part at issue. It
may comprise forming, producing, or manufacturing the
element or part at issue at least partly. Additionally
or alternatively, providing may comprise arranging
available an element or part which is ready-made or
produced or manufactured beforehand. For example, a
process of providing the silicon substrate may or may
not comprise one or more steps taken in order to form
a substantially clean deposition surface of said sili-

con substrate.

Throughout this specification, a “deposition surface”
may refer to a surface of a silicon substrate on which
additional material may be introduced and/or adsorbed.
With regard to crystal orientation, a deposition sur-
face may be, for example, a silicon {100}, a silicon
{111}, or a silicon {110} surface. In some embodi-
ments, a deposition surface may be a relaxed and/or a
reconstructed surface, such as a Si(100) (2 x 1) or a
Si(111) (7 x 7) surface. In some embodiments, a deposi-
tion surface may be an adsorbate-terminated surface,
such as a hydrogen-terminated surface, e.g.,

S51(100) (1 x 1)-H.
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Additionally, a deposition surface being “substantial-
ly clean” may refer, for example, to said deposition
surface being substantially free of any native silicon
oxide or impurity atoms of any other type. Herein, be-
ing “substantially free” may refer to a concentration
of foreign atoms and molecules on a silicon surface
not exceeding 3 x 10 cm™2., Such substantially clean
deposition surface may be provided as cleaned before-
hand, i.e., before a method for forming a semiconduc-
tor structure. Alternatively, cleaning of a deposition
surface may be included in such method. Such cleaning
may be carried out by any appropriate cleaning pro-

cess(es) .

In the process of providing the silicon substrate 201
of the embodiment of FIG. 2, the deposition surface
may be a silicon {100} surface. In other embodiments,
a deposition surface may be, for example, a sili-
con {100}, a silicon {111}, or a silicon {110} sur-

face.

In the embodiment of FIG. 2, the process of providing
the silicon substrate 201 comprises the optional pro-
cess of cleaning the deposition surface 202 for remov-
ing possible native oxide and/or other impurities
therefrom before the process of supplying molecular
oxygen. In other embodiments, a process of providing
the silicon substrate may or may not comprise such
process of cleaning the deposition surface. In some
embodiments, a deposition surface of a crystalline
silicon substrate may be, for example, cleaned in ad-

vance by another party.
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The process of cleaning the deposition surface 202 of
the embodiment of FIG. 2 comprises an RCA cleaning
step 203. Such RCA cleaning step may generally facili-
tate a process of cleaning the deposition surface
and/or enable cleaning a deposition surface at lower
temperatures. In other embodiments, a process of
cleaning the deposition surface may or may not com-

prise an RCA cleaning step.

Herein, an “RCA cleaning step” may refer to a cleaning
step, wherein a deposition surface 1is exposed to an
aqueous SC-1 solution, comprising water (H;O0), hydro-
gen peroxide (Hy0;), and ammonium hydroxide (NH40H),
and/or an aqueous SC-2 solution, comprising H20, H202,
and hydrochloric acid (HCl). In an RCA cleaning step,
silicon oxides may or may not be stripped from a depo-
sition surface after SC-1 immersion and/or SC-2 immer-
sion by immersing said deposition surface in agqueous
hydrofluoric acid (HF) solution and/or by exposing
said deposition surface to HF wvapor. Such HF treat-
ments may generally enable high-throughput removal of
silicon oxide impurities at lower processing tempera-

tures.

The process of cleaning the deposition surface 202 of
the embodiment of FIG. 2 further comprises, following
the RCA cleaning step 203, a pre-annealing step 204.
In the pre-annealing step 204, the crystalline silicon
substrate 1s annealed at a pre-annealing tempera-
ture (Ta) in a range from 200 to 300 °C and a pre-
annealing pressure (Pa) less than or equal to
1 x 10% mbar for a pre-annealing period with a pre-
annealing duration (ta) greater than or equal to

1 min. Such pre-annealing step may reduce a density of
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defects on a deposition surface of a silicon sub-
strate. In particular, such reduction in defect densi-
ty may be achieved with a Ta sufficiently low for use
with metallized samples. In other embodiments, a pro-
cess of cleaning the deposition surface may or may not
comprise such pre-annealing step. In embodiments,
wherein a process of cleaning the deposition surface
comprises such pre-annealing step, a crystalline sili-
con substrate may or may not be annealed under a hy-
drogen (Hy;) or an O, atmosphere. In some embodiments, a
process of cleaning the deposition surface may com-
prise a pre-annealing step with Ta, Pa, and/or tp dif-
ferent to the Ta, Pa, and ta of the pre-annealing
step 204 of the embodiment of FIG. 2. In said embodi-
ments, Ta in a range from 210 to 290 °C, or 220 to
280 °C, or 230 to 270 °C; Pp less than or equal to
1 x 1075 mbar, or 1 x 10°° mbar, or 1 x 1077 mbar;
and/or ta greater than or equal to 5 min, or 10 min,
or 30 min may be used, for example. In some embodi-
ments, a process of cleaning the deposition surface
may comprise HF immersion and/or HF vapor treatment (s)

after a pre-annealing step.

In the embodiment of FIG. 2, the method 200 comprises,
in process 205, heating the silicon substrate to an
oxidation temperature T, 1in a range from 100 to
530 °C. Such T, may enable forming a crystalline sili-
con oxide superstructure on a crystalline silicon sub-
strate. In particular, such Ty, may result in suffi-
ciently low diffusivity of silicon and/or oxygen nu-
clei to inhibit the formation of a buried oxide layer
within said silicon substrate. In other embodiments, a

method for forming a semiconductor structure, compris-
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ing a crystalline silicon substrate and a crystalline
silicon oxide superstructure on the silicon substrate,
may generally comprise such process. In said other em-
bodiments, a T, in a range from 100 to 530 °C, or 150
to 520 °C, or 200 to 500 °C, or 250 to 480 °C, or 300
to 460 °C, or 350 to 450 °C may be utilized.

In the embodiment of FIG. 2, the method 200 comprises,
in process 206, supplying molecular oxygen (O;) into
the wvacuum chamber with an oxidation pressure (Py) in
a range from 1 x 1078 millibars (mbar) to 1 x 107% mbar
and an oxygen dose Dy 1n a range from 0.1 to
10 000 Langmuir (L), while keeping the silicon sub-
strate at Tp. By such means, a crystalline silicon ox-
ide superstructure is formed on the deposition sur-
face, the silicon oxide superstructure having a
(1 x 1) plane structure using Wood’s notation. In oth-
er embodiments, a method for forming a semiconductor
structure, comprising a crystalline silicon substrate
and a crystalline silicon oxide superstructure on the
silicon substrate, may generally comprise such pro-
cess. In said other embodiments, a P; in a range from
1 x 1078 mbar to 1 x 10°° mbar, or from 1 x 10-7 mbar to
1 x 10°° mbar, or from 5 x 1077 mbar to 5 x 107° mbar
may be utilized. In said other embodiments, a Dy in a
range from 1 to 1000 L, or from 5 to 500 L, or in a
range from 10 to 100 L may be used.

In the process of supplying molecular oxygen 206 of
the embodiment of FIG. 2, 0, may be supplied into the
vacuum chamber for an oxidation period with an oxida-
tion duration (tg) in a range from 0.5 seconds (s) to
30 minutes (min). In other embodiments, 0O, may sup-

plied into the wvacuum chamber during oxidation peri-
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od(s) with any suitable duration(s). In some embodi-
ments, for example, a ts in a range from 0.5 s, to
30 min, or from 30 s to 15 min, or from 1 min to

10 min may be utilized.

In the embodiment of FIG. 2, the method 200 further
comprises the optional process of depositing a dielec-
tric capping layer 207 on the silicon oxide super-
structure. Such deposition of a capping layer may be
achieved at least partly, for example, by atomic layer
deposition (ALD), chemical vapor deposition (CVD),

sputtering, and/or evaporation.

Notably, the method 200 of the embodiment of FIG. 2
serves as one particular example of a method for form-
ing a semiconductor structure, comprising a crystal-
line silicon substrate and a crystalline silicon oxide
superstructure on the silicon substrate, with a maxi-
mum processing temperature Tu.x less than or equal to
500 °C. Generally, a lower T,.x enables usage of such
method in situations requiring stricter thermal budg-
ets. In particular, a lower Tup.x may inhibit formation
of silicon carbide (SiC), which may in turn reduce a
density of grain boundaries and/or dislocations at the
deposition surface after processing. Additionally or
alternatively, certain structures, such as metalliza-
tion structures, fabricated onto a substrate may ne-
cessitate usage of lower processing temperatures. In
other embodiments, a method for forming a semiconduc-
tor structure, comprising a crystalline silicon sub-
strate and a crystalline silicon oxide superstructure
on the silicon substrate, may have any suitable Tpax,
for example, a Tuax less than or equal to 1200 °C, or

less than or equal to 500 °C, or less than or equal to
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480 °C, or less than or equal to 460 °C, or less than
or equal to 450 °C.

In an embodiment, a method for forming a semiconductor
structure, comprising a crystalline silicon substrate
and a crystalline silicon oxide superstructure on the
silicon substrate, comprises processes corresponding
to the processes 201, 205, 206 of the method 200 of
the embodiment of FIG. 2.

Generally in a method for forming a semiconductor
structure, comprising a crystalline silicon substrate
and a crystalline silicon oxide superstructure on the
silicon substrate, steps implementing processes corre-
sponding to any of the processes 201, 202, 205, 2060,
207 of the method 200 of the embodiment of FIG. 2 need
not be executed in a fixed order. Additionally, a
method for forming a semiconductor structure, compris-
ing a crystalline silicon substrate and a crystalline
silicon oxide superstructure on the silicon substrate,
may comprise any number of additional processes or
steps that are not disclosed herein in connection to

the method 200 of the embodiment of FIG. 2.
In the following, a number of examples are discussed.

In a first example, a 6 millimeter (mm) x 12 mm rec-
tangular Si sample was cut from an n-type Si(100) wa-
fer to serve as a crystalline silicon substrate with a
S1(100) deposition surface. The Si sample was attached
via its shorter edges on a sample holder made of mo-
lybdenum (Mo), allowing direct current feeding through
the Si sample. The sample holder was transferred into
a manipulator located in a vacuum chamber of a multi-

chamber vacuum system, and the Si sample was repeated-
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ly rapidly heated up to a cleaning temperature in a
range from 1100 to 1200 °C to remove any native oxide
and carbon contaminants from the Si(100) deposition
surface. LEED analysis showed a sharp
(2 x 1) + (1 x 2) reconstruction arising from an in-
herent double-domain surface structure. STM images
captured after the surface <cleaning supported the
presence of the double-domain reconstruction on large

two-dimensional terraces.

After the cleaning phase, the Si sample with the clean
S1(100) deposition surface was oxidized in the same
vacuum system, using 0, gas introduced into the wvacuum
chamber wvia a 1leak wvalve. Before opening the leak
valve, the temperature of the Si sample was increased
to an oxidation temperature (To) of about 450 °C.
Then, the oxidation pressure (Py) in the wvacuum cham-
ber was increased to 1 x 10°° mbar, as measured by an
ion gauge pressure meter, and the Si sample was oxi-
dized at T, for 200 s, resulting in an oxidation dose
of 200 L. Thereafter, the leak wvalve was closed, and

the Si heating was stopped simultaneously.

Following the oxidation of the Si sample, XPS was used
to confirm that the deposition surface of the Si sam-
ple comprised silicon oxide. Additionally, LEED analy-
sis of the Si sample showed a simple (1 x 1) pattern.
Typically, such results would be indicative of for-
mation of an amorphous silicon oxide layer on top of
S1(100), such that the (1 x 1) LEED diffraction spots
would arise from Dbulk Si(100) planes beneath such

amorphous layer.
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However, as depicted in FIG. 3a, STM images captured
after the oxidation revealed the existence of smooth
islands on the Si sample. No Si-dimer row structure
was detected on the top of the smooth islands, con-
sistently with the preceding XPS and LEED results. In-
stead, as depicted in FIGs. 3b and 3c, high-resolution
STM images of the smooth islands revealed a row struc-
ture, having an inter-row distance of about 0.39 nm,
which 1is «close to Si(100) lattice constant. In
FIG. 3b, the rows extend on the surface of the oxi-
dized Si sample substantially along a direction indi-

cated by a white double-headed arrow.

Overall, the results indicate the formation of an epi-
taxial-like crystalline silicon oxide superstructure
on the deposition surface of the Si sample, the sili-
con oxide superstructure obeying the lattice structure
of Si substrate. The crystalline structure of the sil-
icon oxide superstructure follows Si(100) (1 x 1) plane
periodicity. As such, the silicon oxide superstructure

has a (1 x 1) plane structure using Wood’s notation.

Additionally, the (1 x 1) LEED pattern of the Si sam-
ple was more intensive than a typical pattern of a
S1i(100) surface covered by an amorphous silicon oxide
layer, 1n particular at especially surface-sensitive
electron binding energies around 100 electron-
volts (eV). Such high-intensity LEED pattern was con-
sistent with the STM images, indicating the formation
of an epitaxial-like crystalline silicon oxide super-

structure.

In a second example, an n-type float-zone (FZ) Si wa-

fer and a p-type FZ Si wafer, with resistivities of
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3 ohm-metres (OQm) and diameters of 102 mm (4 inches),
served as crystalline silicon substrates with a
S1(100) deposition surfaces. The deposition surfaces
of the Si wafers were cleaned in a standard RCA clean-
ing step, comprising both an RCA-1 and an RCA-2 part,
followed by a pre-annealing step at a Tp of 1050 °C in
an oxygen atmosphere. The pre-annealing step resulted
in the growth of an amorphous silicon oxide layer,
which was etched using a buffered agqueous hydrofluoric
acid (HF) solution prior to introducing the wafer into
a vacuum chamber of an industrial wultra-high wvacu-
um (UHV) system. To complete the process of cleaning
the deposition surface, the Si wafers were subjected
to a pre-annealing step at a Ta of 200 °C until out-

gassing stopped.

After the cleaning process, oxidation of the wafers
was performed by introducing 0, gas into the wvacuum
chamber via a leak valve, using oxidation process pa-
rameters similar to the oxidation parameters of the
first example. This resulted in the formation of crys-
talline silicon oxide superstructures on the deposi-
tion surfaces of the wafers. Following the oxidation,
the wafers were cooled down and transferred into an
ALD instrument, which was used to grow, using tri-
methylaluminium (TMA) and water as precursors, capping
layers of Al,03 with thicknesses of about 20 nm onto

the silicon oxide superstructures.

Finally, a corona oxide characterization of semicon-
ductor (COCOS) technique was employed to assess defect
density at interfaces between the crystalline Si wa-
fers and the crystalline silicon oxide superstructures

thereon. Based on the results of such COCOS measure-
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ments, the interfaces exhibited decreased interface
defect densities. The results were consistent with
separate carrier lifetime measurements, which showed
increased minority carrier lifetimes for the sub-
strates with the crystalline silicon oxide superstruc-

tures thereon.

In a third example, a 6 mm x 12 mm Si sample was cut
from a vicinal, i.e., off-cut, Si(l1l1l1l) wafer to serve
as a crystalline silicon substrate. Cleaning and oxi-
dation of the Si sample was conducted using procedures
and process parameters similar to the first example
with the exception that a lower T, of about 400 °C was

utilized for the oxidation.

Scanning tunneling spectroscopy (STS) of the vicinally
cut Si(111) surface revealed a surface band gap of
about 5 eV after oxidation, indicating formation of a
silicon oxide superstructure on the surface. Addition-
ally, as depicted in FIGs. 4a and 4b, STM images cap-
tured after the oxidation revealed the existence of
row structures that obey the hexagonal lattice struc-

ture of the Si substrate.

Overall, results of the STS and STM measurements indi-
cate the formation of a crystalline silicon oxide su-
perstructure on the wvicinal Si(111) surface of the Si
sample. Based on the results, the crystalline struc-
ture of the silicon oxide superstructure follows

Si(111) (1 x 1) plane periodicity.

It is obvious to a person skilled in the art that with
the advancement of technology, the basic idea of the
invention may be implemented in various ways. The in-

vention and its embodiments are thus not limited to
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the examples described above, instead they may vary

within the scope of the claims.

It will be understood that any benefits and advantages
described above may relate to one embodiment or may
relate to several embodiments. The embodiments are not
limited to those that solve any or all of the stated
problems or those that have any or all of the stated

benefits and advantages.

The term “comprising” is used in this specification to
mean including the feature(s) or act(s) followed
thereafter, without excluding the presence of one or
more additional features or acts. It will further be
understood that reference to 'an' item refers to one

or more of those items.
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CLAIMS

1. A semiconductor structure (100), compris-
ing a crystalline silicon substrate (110), having a
surface (111), and a crystalline silicon oxide super-
structure (120) on the surface (111) of the silicon
substrate (110), the silicon oxide superstruc-
ture (120) having a thickness of at least two molecu-
lar layers and a (1 x 1) plane structure using Wood’s
notation.

2. A semiconductor structure (100) according
to c¢laim 1, wherein the surface (111) is a sili-
con {100}, a silicon {111}, or a silicon {110} sur-
face.

3. A semiconductor structure (100) according
to claim 1 or 2, wherein the silicon oxide superstruc-
ture (120) has a thickness greater than or equal to
1 nanometers, nm, 2 nm, or 3 nm and/or less than or
equal to 10 nm, 7 nm, or 5 nm.

4. A semiconductor structure (100) according
to any of the preceding claims, further comprising a
dielectric capping layer (130) on the silicon oxide
superstructure.

5. A semiconductor structure (100) according
to claim 4, wherein the capping layer (130) comprises
a dielectric material with a relative permittivity, x,
greater than or equal to 10.

6. A semiconductor structure (100) according
to any of the preceding claims, formed using a method
in accordance with any of claims 7 to 17.

7. A method (200) for forming a semiconductor

structure, comprising a crystalline silicon sub-
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strate and a crystalline silicon oxide superstruc-
ture on the silicon substrate, the method (200) com-
prising:

- providing the silicon substrate (201), having a
substantially clean deposition surface in a vacu-
um chamber;

- heating the silicon substrate (205) to an oxida-
tion temperature T, in a range from 100 to
530 °C; and

- while keeping the silicon substrate at the oxida-
tion temperature, supplying molecular OXY—
gen (206), 0y, 1into the wvacuum chamber with an
oxidation pressure Po in a range from
1 x 10 millibars, mbar, to 1 x 10™% mbar and an
oxygen dose Do in a range from 0.1 to
10 000 Langmuir, L;

whereby the crystalline silicon oxide super-
structure is formed on the deposition surface, the
silicon oxide superstructure having a thickness of at
least two molecular layers and a (1 x 1) plane struc-
ture using Wood’s notation.

8. A method (200) according to claim 7,
wherein the deposition surface is a silicon {100}, a
silicon {111}, or a silicon {110} surface.

9. A method (200) according to claim 7 or 8,
wherein the oxidation temperature T, lies in a range
from 150 to 520 °C, or from 200 to 500 °C, or from 250
to 480 °C, or from 300 to 460 °C, or from 350 to
450 °cC.

10. A method (200) according to any of
claims 7 to 9, wherein the oxidation pressure Py lies

in a range from 1 x 10® mbar to 1 x 107° mbar, or from
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1 x 1077 mbar to 1 x 10°° mbar, or from 5 x 10-7 mbar to
5 x 107> mbar.

11. A method (200) according to any of
claims 7 to 10, wherein the oxygen dose Dy lies in a
range from 1 to 1000 L, or from 5 to 500 L, or in a
range from 10 to 100 L.

12. A method (200) according to any of
claims 7 to 11, wherein the molecular oxygen O, 1is
supplied into the wvacuum chamber for an oxidation pe-
riod with an oxidation duration, to, in a range from
0.5 seconds, s, to 30 minutes, min, or from 30 s to
15 min, or from 1 min to 10 min.

13. A method (200) according to any of
claims 7 to 12, wherein the process of providing the
silicon substrate (201) comprises cleaning the deposi-
tion surface (202) for removing possible native oxide
and/or other impurities therefrom before the process
of supplying molecular oxygen.

14. A method (200) according to claim 13,
wherein the process of cleaning the deposition sur-
face (202) comprises an RCA cleaning step (203) and,
following the RCA cleaning step (203), a pre-annealing
step (204) at a pre-annealing temperature, Ta, 1in a
range from 200 to 300 °C and a pre-annealing pressure,
Pr, less than or equal to 1 x 104 mbar for a pre-
annealing period with a pre-annealing duration, ta,
greater than or equal to 1 min.

15. A method (200) according to any of
claims 7 to 14, further comprising depositing a die-
lectric capping layer (207) on the silicon oxide su-

perstructure.



WO 2020/216992 PCT/F12020/050265

10

15

29

16. A method (200) according to any of
claims 7 to 15, having a maximum processing tempera-
ture Tu.x less than or equal to 500 °C, or 480 °C, or
460 °C, or 450 °C.

17. A method (200) according to any of
claims 7 to 16, wherein the semiconductor structure is
a semiconductor structure (100) in accordance with any
of claims 1 to 6.

18. Use of a crystalline silicon oxide super-
structure, having a (1 x 1) plane structure using
Wood’ s notation, in a semiconductor structure for pas-
sivation of a surface of a crystalline silicon sub-
strate.

19. A use according to claim 18, wherein the
semiconductor structure 1is a semiconductor struc-

ture (100) in accordance with any of claims 1 to 6.



