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(57) ABSTRACT

Methods for uniformly tip doping a silicon body of a non-
planar transistor and devices and systems formed by such
methods. In one embodiment, a method can include vertical
tip ion implantation of a silicon body with at least three
surfaces on a substrate followed by conformal deposition of a
dielectric material. The dielectric material can be selectively
etched to expose a top surface of the silicon body followed by
selective re-oxidation of the top surface for form a mask. The
remaining dielectric material can be removed followed by
angled ion implantation of at least two sidewalls of the silicon
body. The mask can be removed resulting in a silicon body
with uniform doping.

10 Claims, 5 Drawing Sheets
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METHODS FOR UNIFORM DOPING OF
NON-PLANAR TRANSISTOR STRUCTURES

FIELD OF INVENTION

Integrated circuit structures.

BACKGROUND OF INVENTION

A recent development in semiconductor processing is the
tri-gate transistor, or non-planar transistor. A tri-gate transis-
tor includes a thin semiconductor body (e.g., a silicon fin)
formed on a substrate and having a top surface and two
sidewall surfaces perpendicular to the top surface. A gate
structure is formed on the substrate and the silicon fin per-
pendicular to the silicon fin. Source and drain regions are
formed in the fin on opposite sides of the gate structure.
Because the gate structure surrounds the silicon fin on the
three surfaces, the transistor essentially has three separate
gates. These three separate gates provide three separate chan-
nels forelectrical signals to travel, thus effectively tripling the
conductivity as compared to a conventional planar transistor.

Tri-gate transistors generally have superior performance to
bulk gate devices. This is due to the proximity of the top and
side gates relative to one another which causes full depletion
and results in steeper sub-threshold gradients (SG) and
smaller drain induced barrier lowering (DIBL). The SG and
DIBL typically are used to determine short-channel effects
(SCEs) in a transistor. In general, it is desired that SCEs are
low such that the transistor off-state leakage current, I,
(i.e., a current flowing between source and drain regions when
a transistor is in an OFF state), remains as low as possible. A
steeper SG and/or reduced DIBL indicates lower [, and
thus smaller and better SCEs.

In the fabrication of tri-gate transistors, the silicon fin is
subjected to ion implantation, or doping. In one method, the
silicon fin is doped at a 45° angle. This results in the sidewalls
being doped at approximately one-half the dose as the top
surface of the silicon fin. In a variation of this method, the
silicon fin is doped at both a 60° angle and a 30° angle. This
results in the sidewalls and top surface being doped equally,
but the sidewall is now doped at approximately two-thirds of
the desired depth and one-third the desired depth on the top
surface of the silicon fin. Additionally, when a substrate com-
prises a plurality of silicon fins on the same surface, one
silicon fin can create a shadow on another silicon fin situated
approximately perpendicular and approximately adjacent to
one another in angled doping, which results in variable dop-
ing on the surfaces of the silicon fins. In yet another method,
the substrate and silicon fin(s) are electrically grounded and
subjected to plasma doping. This results in greater doping on
the top surfaces of the silicon fin(s) relative to the sidewalls.
The uneven doping of the silicon fin results in a change in
resistance of the current.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates a perspective top view of an embodiment
of a tri-gate structure which forms a portion of a circuit
substrate.

FIG. 2 shows a partial cross-section of the structure of FIG.
1 taken through line 2-2'.

FIG. 3A illustrates an embodiment of vertical ion implan-
tation of a top surface of a silicon body.

FIG. 3B illustrates an embodiment of conformal deposi-
tion of a selectively etchable and oxidation blocking dielec-
tric layer of the structure depicted in FIG. 3A.
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FIG. 3C illustrates an embodiment of selective removal of
the dielectric layer depicted in FIG. 3B.

FIG. 3D illustrates an embodiment of selective deposition
of'an oxide mask on a top surface of silicon body depicted in
FIGS. 3A-3C.

FIG. 3E illustrates an embodiment of removal of the
remaining dielectric layer depicted in FIG. 3D.

FIG. 3F illustrates an embodiment of angled ion implanta-
tion of sidewalls of the silicon body depicted in FIGS. 3A-3E.

FIG. 4 illustrates an embodiment of an enlarged silicon
body as depicted in FIGS. 3A-3F.

FIG. 5 shows a computer system including microprocessor
enclosed by a package mounted to a printed circuit board.

DETAILED DESCRIPTION

FIG. 1 illustrates a perspective view of an embodiment of a
tri-gate structure which forms a portion of a circuit substrate.
Structure 100 can include gate structure 105 formed on sub-
strate 110 and on a portion of silicon body 115, i.e., silicon fin.
“Silicon body” and “silicon fin” are hereinafter referred to
interchangeably. Substrate 110 can be bulk silicon or silicon-
on-insulator (SOI). Silicon fin 115 is in a different plane
relative to substrate 110 and is situated perpendicular relative
to gate structure 105. In some applications, structure 100 is
referred to as a non-planar transistor.

In one embodiment, substrate 110 can be composed of a
single crystal semiconductor material, which can be, for
example, silicon or germanium. Silicon fin 115 can be com-
posed of a semiconductor material such as silicon. Silicon fin
115 includes buried section 120, which lies below the surface
of the plane of structure 100 and buried within oxide layer
125, and non-planar section 145. In the embodiment shown in
FIG. 1, fin 115 including buried section 120 may be formed
by patterning and etching substrate 110 to define fin 115 as a
portion (a non-planar portion) of the substrate and depositing
dielectric material, i.e., oxide layer 125, on a surface of sub-
strate 110 (a top surface as viewed) adjacent to fin 115 to
define buried section 120.

Gate structure 105 can include three layers 130, 135 and
140, respectively. Layer 130 can be a dielectric material, such
as silicon dioxide (Si0,), silicon nitride (Si;N,), oxynitride
(SiO,N,) and the like. In some embodiments, layer 130 can be
a high dielectric constant (high-k) dielectric material, such as
hafnium oxide (HfO,). Alternately, layer 130 can be a dielec-
tric film with a metal at the top surface. Layer 135 can be a
polycrystalline semiconductor material, such as polycrystal-
line silicon (polysilicon) or polysilicon germanium (poly-
SiGe) or a metal material, such as titanium nitride. Layer 140,
sometimes referred to as a “hard mask,” can be a non-con-
ductive material, such as silicon dioxide, silicon nitride and
the like.

FIG. 2 shows a partial cross-section of structure 100 taken
through line 2-2' (without layer 140). As can be seen, non-
planar section 145 of silicon fin 115 includes top surface 155
with first sidewall surface 150 and second sidewall surface
160 substantially perpendicular to top surface 155, respec-
tively. Sidewall 150 and sidewall 160 are approximately equal
but opposite relative to each other. Gate structure 105 sur-
rounds a portion of surfaces 150, 155 and 160 on non-planar
section 145 of silicon fin 115. The portion of surfaces 150,
155 and 160 approximately adjacent to gate structure 105
(backside not shown), and on either side of gate structure 105,
can serve as source and drain regions to form a tri-gate struc-
ture.

Similar to a planar transistor, the source and drain regions
of atri-gate structure, i.e., the three surfaces 150, 155 and 160
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of silicon fin 115, can be implanted with dopant ions to
change a resistance of a semiconductor material. For PMOS
transistor devices, the source and drain region are typically
doped with p-type impurities, such as boron. For NMOS
transistor devices, the source and drain region are typically
doped with n-type impurities such as arsenic or phosphorous.
Due to the non-planar nature of the source and drain regions
in tri-gate structures, uniform doping presents a challenge.

FIGS. 3A-3G illustrate an embodiment of uniformly tip
doping a silicon fin. “Tip doping” refers to a shallow implant
of dopants just below the surface of a substrate wherein the
dopants reach the edge of the source/drain regions. In FIG.
3 A, top surface 155 of'silicon fin 115 is doped using a process,
such as, for example, ionized implantation at 0°, i.e., vertical
implantation. “lonized implantation™ is a physical process in
which dopant atoms are ionized and isolated, accelerated,
formed into a beam and targeted onto a substrate. The ions
penetrate the surface and rest below the surface at a depth d,
wherein the depth is controlled by certain parameters. Vertical
ionized implantation (arrows 165) can be done immediately
following etching of layer 135 of gate structure 105. At 0°,
only top surface 155 is doped with ions. The depth d of the
dopants in top surface 155 can be from about 20 angstroms
(A) to about 200 A.

In FIG. 3B, a conformal layer 170 is deposited on silicon
fin 115. In some embodiments, layer 170 has the character-
istics of selective etchability and oxidation blocking.
Examples of materials which can be used for layer 170
include, but are not limited to, silicon nitride (Si;N,), oxyni-
tride (SiO,N,,) and silicon carbide (SiC). Layer 170 can be in
a thickness range from about 20 A to about 100 A. Layer 170
can be applied by processes known in the art. Examples of
such processes include, but are not limited to, physical vapor
deposition (PVD), atomic layer deposition (ALD), chemical
vapor deposition (CVD), low pressure CVD, plasma-en-
hanced CVD or any other suitable process.

In FIG. 3C, layer 170 is anisotropically etched leaving
spacers 175 on sidewalls 150 and 160 of silicon fin 115.
“Anisotropic etching” is an etch process that exhibits little or
no undercutting, resulting in features whose sides are perpen-
dicular to the underlying layer. Reactive ion etch (RIE) is an
example of a process that can be used for anisotropic etching.

FIG. 3D illustrates selective modification of top surface
155 of silicon fin 115. In some embodiments, the modifica-
tion can be re-oxidation. Re-oxidation can be performed by a
process such as thermal oxidation, plasma oxidation or
implantation of an oxygen species followed by annealing.
“Thermal oxidation” is a process in which oxygen (O,) gas is
applied to silicon at high temperature. The oxygen reacts with
silicon to form silicon dioxide (Si0O,). Oxidation tempera-
tures are between 600° C. and 1200° C. Re-oxidation results
in a silicon dioxide layer 180, or “mask” on top surface 155 of
silicon fin 115. Mask 180 can be in a thickness range from
about 20 A to about 200 A. Re-oxidation is selective for top
surface 155 since sidewalls 150 and 160. are protected by
spacers 175. In addition, re-oxidation does not affect the gate
structure 105 because it is protected by a spacer formation
formed on the gate sidewall (not shown). In addition, re-
oxidation may cause top surface 155 to be slightly recessed
with respect to the channel.

In FIG. 3E, spacers 175 are removed by isotropic etching.
“Isotropic etching™ is a process in which etching occurs in all
directions causing undercutting. An example of a chemical
which can be used to remove spacers 175 is phosphoric acid.

Following removal of spacers 175 and layer 170, angled
ion implantation can be performed to selectively dope side-
walls 150 and 155, illustrated in FIG. 3F. Angled ion implan-
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tation (arrows 185) can be conducted at an angle greater than
0°. Alternatively, plasma-induced ion implantation (PLAD)
can be performed to selectively dope sidewalls 150 and 155.
In PLAD, a substrate is placed in a plasma field in the pres-
ence of dopant atoms. With proper charges on the dopant
atoms and the substrate, the dopant atoms accelerate to the
substrate surface and penetrate exposed surfaces of the sub-
strate. The depth d ofthe dopants in sidewalls 150 and 155 can
be from about 10 A to about 100 A. Following doping, oxide
mask 180 can be removed isotropically with, for example,
hydrofiuoric acid.

According to embodiments of the present invention, sili-
con fin 115 can be uniformly doped on surfaces 150, 155 and
160, respectively. FIG. 4 illustrates an enlargement of silicon
fin 115 as depicted in FIGS. 3A-3F. As can be seen, silicon fin
115 is uniformly doped by ions 190 to a depth d below
surfaces 150, 155 and 160. That is, the silicon fin is doped
below each surface, to a depth such that the depth is approxi-
mately equal relative to adjacent surfaces. As a result, once
fabrication is completed to create a functional transistor, the
current flowing, or “wrapping around,” silicon fin 115 should
be uniform which results in a more efficient transistor. It
should be understood that doping occurs simultaneously on
the fin in both the source and drain regions on either side of
gate structure 105 (backside not shown in FIGS. 3A-3F).
Following uniform doping of silicon fin 115, structure 100
may undergo typical complementary field-effect transistor
(CMOS) fabrication, which is well known by those skilled in
the art.

FIG. 5 shows a cross-sectional side view of an integrated
circuit package that is physically and electrically connected
to a printed wiring board or printed circuit board (PCB) to
form an electronic assembly. The electronic assembly can be
part of an electronic system such as a computer (e.g., desktop,
laptop, handheld, server, etc.), wireless communication
device (e.g., cellular phone, cordless phone, pager, etc.), com-
puter-related peripheral (e.g., printer, scanner, monitor, etc.),
entertainment device (e.g., television, radio, stereo, tapes and
compact disc player, video cassette recorder, motion picture
expert group audio layer 3 player (MP3), etc.), and the like.
FIG. 5 illustrates the electronic assembly as part of a desktop
computer. FIG. 5 shows electronic assembly 500 including
die 502, physically and electrically connected to package
substrate 504. Die 502 is an integrated circuit die, such as a
microprocessor die, having, for example, transistor structures
interconnected or connected to power/ground or input/output
signals external to the die through interconnect lines to con-
tacts 506 on an external surface of die 502. The die may be
formed in accordance with known wafer processing tech-
niques using as the substrate described with reference to
FIGS. 3A-3F. Contacts 506 of die 502 may be aligned with
contacts 508 making up, for example, a die bump layer on an
external surface of package substrate 504. On a surface of
package substrate 504 opposite a surface including contacts
508 are land contacts 510. Connected to each of land contacts
510 are solder bumps 512 that may be used to connect pack-
age 514 to circuit board 516, such as a motherboard or other
circuit board.

In the foregoing specification, specific embodiments have
been described. It will, however, be evident that various modi-
fications and changes can be made thereto without departing
from the broader spirit and scope of the appended claims. The
specification and drawings are, accordingly, to be regarded in
an illustrative rather than a restrictive sense.

INTEL - 1005

Page 8 of 9



US 7,494,862 B2

What is claimed is:

1. A method comprising:

forming a gate structure on a non-planar substrate includ-
ing a silicon body with at least three exposed surfaces
comprising a top surface, a first side surface approxi-
mately perpendicular to a first edge of the top surface
and a second side surface approximately perpendicular
to a second edge of the top surface;

selectively doping the top surface of the silicon body;

forming a conformal layer of a dielectric material over the
silicon body;

selectively etching the conformal layer to expose the top
surface of the silicon body;

selectively forming an oxide layer on the top surface of the
silicon body;

removing any remaining conformal layer on the silicon
body; and

doping the first side surface and the second side surface of
the silicon body.

2. The method of claim 1, further comprising removing the

oxide layer from the silicon body.

20

6

3. The method of claim 2, wherein the oxide layer is
removed isotropically.

4. The method of claim 1, wherein the selectively doping
comprises ionized implantation at 0°.

5. The method of claim 1, wherein the dielectric material
has the characteristics of selective etchability and oxidation
blocking.

6. The method of claim 5, wherein the dielectric material is
nitride (Si;N,,) or silicon carbide (SiC).

7. The method of claim 1, wherein the selectively etching is
anisotropic.

8. The method of claim 1, wherein the oxide layer is formed
from one of thermal oxidation, plasma oxidation or implant-
ing of oxygen species followed by annealing.

9. The method of claim 1, wherein the removing is isotro-
pic.

10. The method of claim 1, wherein the doping of the first
side surface and the second side surface is one of angled
implantation or plasma-induced ion implantation.

#* #* #* #* #*
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