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beyond the desired junction depth.
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METHOD OF FORMING ULTRA SHALLOW JUNCTIONS

Field
The methods and systems relate to forming shallow junctions in semiconductor
5  wafers by ion implantation and, more particularly, to methods for low temperature
annealing of shallow junctions.
Background

Ion implantation is a standard technique for introducing conductivity-altering

dopant materials into semiconductor wafers. In a convention 1 ion implantation system, a

10  desired dopant material is ionized in an ion source, the ions are accelerated to form an ion
beam of prescribed energy, and the ion beam is directed at the surface of the wafer. The
energetic ions in the beam penetrate into the bulk of the semiconductor material and are
embedded into the crystalline lattice of the semiconductor material. Following ion
implantation, the semiconductor wafer is annealed to activate the dopant material and

15 provide damage recovery. Annealing involves heating the semiconductor wafer to a
prescribed temperature for a prescribed time.

A well-known trend in the semiconductor industry is toward smaller, higher speed
devices. In particular, both the lateral dimensions and the depths of features in
semiconductor devices are decreasing. State of the art semiconductor devices require

20  junction depths less than 300 angstroms and may eventually require junction depths on the
order of 100 angstroms or less.

The implanted depth of the dopant material is determined by the energy of the ions
implanted into the semiconductor wafer. Shallow junctions are obtained with low implant
energies. However, the annealing process that is used for activation of the implanted dopant

25  material and damage recovery causes the dopant material to diffuse from the implanted
region of the semiconductor wafer. At high temperatures (900°C to 1200°C) thermal
diffusion occurs but under certain conditions enhanced thermal diffusion mechanisms can
also occur including oxygen-enhanced diffusion (OED), boron enhanced diffusion (BED),
transient enhanced diffusion (TED), etc. As a result of such diffusion, junction depths are

30 increased by as much as 50A to 5004 by annealing. Additionally, high-temperature anneal
may not be compatible with most high-k gate dielectrics that may be needed to meet

shallow junction goals.
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To counteract the increase in junction depth produced by annealing, the implant
energy may be decreased, so that a desired junction depth after annealing is obtained. This
approach provides satisfactory results, except in the case of very shallow junctions. A limit
is reached as to the junction depth that can be obtained by decreasing implant energy, due
to the diffusion of the dopant material that occurs during annealing. In addition, ion
implanters typically operate inefficiently at very low implant energies.

Another approach uses a low temperature solid phase epitaxy (SPE) anneal to
reduce diffusion. However, two main concerns with implementing low-temperature SPE are
junction leakage and dopant activation. Since diffusion is reduced using SPE, the junction
may not be formed deep enough to prevent the end-of-range (EOR) defects from being in
the space charge region of the device and contributing significantly to junction leakage.

Current approaches used in the art do not provide a satisfactory process for
fabricating shallow junctions of selected junction depth and sheet resistance, particularly
where the required junction depth cannot be obtained simply by reducing the implant
energy. Accordingly, a need exists for improved methods for fabricating shallow junctions
in semiconductor wafers.

Summary

In accordance with the method described herein, an embodiment of a method to
provide low resistivity shallow junctions may comprise amorphizing a region of a
semiconductor material to a first depth, doping the region to obtain a junction depth greater
than the first depth and annealing the material at a temperature consistent with solid phase
epitaxy (SPE) regrowth of the material so as to activate the junction.

In one embodiment, a preamorphizing implant (PAI) using silicon, germanium,
antimony, indium, or other ion species at implant energies less than about 12.0keV
amorphizes the region. One embodiment uses beam-line implantation with B'! or BF, ions
at implant energies in a range of 1 to 2keV to provide junction depths of about 16nm to
26nm. One embodiment utilizes plasma doping with BF; or B,Hg for doping to obtain
shallow junctions. In one embodiment, the annealing temperature is in a range of about
550°C to about 700°C.

Brief Description Of The Drawings

The following figures depict certain illustrative embodiments in which like
reference numerals refer to like elements. These depicted embodiments are to be

understood as illustrative and not as limiting in any way.
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FIG. 1 is a plot of amorphous layer depth versus implant energy;

FIG. 2 provides a flow chart of the process for providing shallow junctioné with low
resistivity;

FIG. 3 shows secondary ion mass spectrometry (SIMS) profiles that may be
obtained using the process of FIG. 1 for a range of plasma doping energy levels followed
by a SPE anneal at 580°C for 15 minutes;

FIG. 4 illustrates a plot of junction depth versus preamorphizing implant energy;
and

FIG. 5 illustrates a plot of junction leakage that may be obtained using the process
of FIG. 2.

Detailed Description

The need for shallow junctions has increased as semiconductor device dimensions
have decreased. Published guidelines of the International Technology Roadmap for
Semiconductors (2001) indicate that by 2010, it can be expected that the 50nm Technology
Node (TN) production devices can have transistor gate lengths of less than 25nm and
shallow junction depths (X;) between 7nm and 12nm. Additionally, sheet resistances in the
range of 830 ohms/sq can be required. The International Technology Roadmap for

Semiconductors (ITRS) guidelines, as shown in Table 1, provide the following targets:
Table 1.

130 nm 100 nm 70 nm 50 nm 35nm
TECHNOLOGY NODE
Target Year 2001 2003 2006 2010 2013
Junction Depth, X; (nm) 27-45 19-31 12-19 7-12 5-9
Sheet Resistance, Rs (ohms/sq) 400 550 830 830 940
Dopant Level (atoms/cm3) 5E19 8E19 1E20 1.5E20 2E20

Typically, shallower junctions can be obtained by decreasing implant energies.
However, a limit may be reached as to the junction depth that can be obtained by
decreasing implant energies, due to the diffusion of the dopant material that occurs during
annealing. Additionally, current implantation equipment may not be efficient at low
energies. One approach may be to reduce diffusion of the dopant material by using a low
temperature 550°C-700°C solid phase epitaxy (SPE) anneal. It is known that the SPE
recrystallization rate increases with temperature, e.g., at 500°C, 600°C and 700°C, the
respective rates are approximately 0.1A/sec, 10.0A/sec and 350A/sec. Thus, higher

temperatures provide a quicker recrystallization rate.

-3-
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With SPE annealing and no dopant diffusion/movement of the implanted dopant
atoms, beam-line implantation can be extended down to the sub-50 nm TN and plasma
implantation down to the sub-25 nm TN. Otherwise, beam-line can only be extended to the
100 nm TN and may need to be replaced at the 70 nm TN because of high-temperature

5  dopant diffusion. Tables 2 and 3, for high-temperature annealing and low-temperature
annealing, respectively, illustrate the implant energy required to achieve the desired ITRS

X; implant junction depth.



WO 03/044860

10

Table 2. Junction Depth from
High-Temperature
Diffusion/Annealing

Dopant Level/cm3

Dose Range

B'! (0.3% energy contamination)
B" (No energy contamination)
BF; (0.3% energy contamination)
BF; (No energy contamination)
PLAD

Table 3. As-Implanted Junction
for Low-Temperature SPE
Annealing

Dopant Level/cm3

Dose Range

Ge-PAl

Si-PAl

B' (0.3% energy contamination)
B'" (No energy contamination)

BF; (0.3% energy contamination)
BF, (No energy contamination)

PLAD

PCT/US02/36977
TECHNOLOGY NODE
130 nm 100 nm 70 nm 50 nm 35 nm
5E19 8E19 1E20 1.5E20 2E20
Boron Solid
0.5-1E15 0.5-1E15 0.5-1E15 Solubility BSS
(BSS)
<1keV <100eV - - -
0.7-1.3keV  300-800eV <300eV - -
1.9-4.8keV  0.2-2.2keV  <200eV - -
3.5-6.5keV  1.5-4.0keV <1.5keV - -
1.2-2.5 kV 0.4-1.7kV <400V - -
TECHNOLOGY NODE
130 nm 100 nm 70 nm 50 nm 35 nm
5E19 8E19 1E20 1.5E20 2E20
0.5-1E15 0.5-1E15 0.5-1E15 0.5-1E15 5E15
11-21keV 10-14keV 6-10keV 3-6keV  2.5-5keV
9-16keV 7-10keV 4-7keV 2-4keV 2-3keV
0.5-1.3KeV <500eV - - -
1-1.7keV 0.6-1.1keV  300-600eV 150-300eV 80-200eV
3-6.5keV 1.8-3.7keV  0.2-1.7keV  <200eV -
0.75-
5-8.3keV 3-5.5keV 1.5-3keV 0.4-1keV
1.5keV
1.6-3kV 1.2-2kV 0.5-1.2kV  200-600V 100-300V

The data in Table 2 assumes an 8.0nm diffusion in the as-implanted junction depth

due to high-temperature annealing and TED (transient enhanced diffusion), which can vary

between 5 and 50 nm. Table 3 assumes no diffusion due to low-temperature annealing. In

Table 3, dose ranges are shown for those cases for which experimental data is available.

With plasma doping (PLAD) and high-temperature annealing, 70nm node shallow junctions

can be achieved, while with low temperature annealing, sub-35nm TN can be realized. If,

however, SPE can be used, then energy-contamination-free beam-line B! implant energies
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can be increased to 1.7 keV for 130 nm node, and ultra-low implant energies, i.e., 250 eV
or less, may not be needed until the 50 nm TN.

The use of low-temperature SPE anneal can have an additional incentive in that
higher-k gate dielectrics may be needed at the 70 nm to 100 nm TN. The high-k amorphous
deposited gate dielectric materials may crystallize at temperatures above 750°C, thus
degrading the dielectric material property. Thus low-temperature SPE anneal may be
preferred for high-k gate material temperature compatibility.

Preamorphizing implant end-of-range (EOR) defects may form if the silicon has
been amorphized during ion implantation. It is known that if EOR defects exist in a space
charge region of a junction they may cause high leakage currents. Thus, it may be necessary
to form the junction deep enough to maintain the EOR defects within the junction. Current
methods rely on thermal diffusion and enhanced diffusion by TED, OED and BED resulting
from high-temperature annealing to form the junction deep enough to limit leakage
currents. Current methods may also rely on high temperatures to anneal out implant-
induced defects. However, as was previously noted, the various thermally enhanced
diffusion methods may require the use of ultra-low energy to obtain the ITRS guideline
junction depths.

In the present method, a preamorphizing implant (PAI) may place and/or position
the EOR defects at a desired depth compatible with the desired junction depth. The PAI
process is well known in the art to minimize implantation channeling for abrupt and
shallow junctions and may reduce diffusion. PAI also can enhance dopant activation above
the dopant solubility limit in silicon. While, PAI typically can be combined with Rapid
Thermal Annealing (RTA) for higher keV implant energies, no benefit can be seen for
implant energies below about 1.0 keV. FIG. 1 provides a range of implant energies and
corresponding EOR depths for silicon (Si) and germanium (Ge) PAL As can be seen from
FIG. 1, the EOR depths can be within the range of the junction depths required for the
ITRS 50 nm node technology. Referring back to Table 3, it can be seen that the implant
energies for forming the various ITRS shallow junctions can be increased should PAI and
SPE be used. Without PAI, SPE may result in high sheet resistance (Rs). To achieve low
Rs and good dopant activation, PAI may be necessary.

Referring now to FIG. 2, there is shown a flow chart of the method (100) used to
provide shallow junctions with low resistivity. A Czochralski (Cz) grown silicon wafer can

be provided (102) and a PAT can be performed on the wafer (104). Itis to be understood

-6 -
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that other wafer types, e.g., float zone (FZ), epitaxial silicon (EPI) and silicon-on-insulator
(SOI), also can be provided. The PAI may be a Si, Ge, or other species of PAI, such as
indium (In), antimony (Sb), etc., of the energy ranges and doses shown in Table 3, but
noting that higher atomic masses may require higher implant energies. The Ge PAI may
provide a smoother amorphous/crystalline interface, which may result in less leakage for a
given average EOR depth.

The wafer then can be doped with boron (B'! or BF,) using beam-line implantation,
or with boron (BF; or B,Hs) using PLAD (106) in the energy ranges and doses shown in
Table 3. Activation of the implant can be achieved using a low-temperature SPE anneal
(108). Temperature ranges of about 550°C to about 625°C have been attempted with
satisfactory results. The combination of PAI, as illustrated in FIG. 1, and beam-line
implantation and/or PLAD within the ranges of implant energies and doses shown,
followed by a low-temperature SPE anneal, can result in the shallow junction depths and
low sheet resistances shown in Table 1.

The amorphous layer needed for SPE can also be produced using an amorphizing
dopant implant only. As an example, for BF,, B has a mass of 11 and F has a mass of 19 so
F can amorphize the silicon lattice and its implanted range will be less than B, so the
electrical dopant junction depth of B will be deeper than the F. Considering other dopants
such as As (arsenic - mass of 75) or Sb (antimony - mass of 122), once the dopant
concentration in the silicon lattice exceeds mid-E18/cm?, amorphization can occur and so
the dopant atoms that are deeper at the lower concentration will form the electrical junction
deeper.

FIG. 3 provides secondary ion mass spectrometry (SIMS) profiles for a range of
PLAD energy levels followed by a SPE anneal at 580°C for 15 minutes. The PAI for the
data in Fig. 3 is 30 keV Ge, 1E15/cm’. As is known for such profiles, FIG. 3 shows the
junction depth Xj increasing with increasing implant energy. FIG. 3 also illustrates the EOR
depth for various Si PAI energy levels. Choosing a 2.0keV, SE15 PLAD implant as an
example, it can be seen that Xj=18nm, as measured at 1E+1 9/cm’. The PAI EOR can be
less than Xj to provide a low leakage junction, as previously described. For the example
selected, FIG. 3 shows a 5keV Si PAI providing an EOR depth of approximately 10nm and
a 10keV Si PAI providing an EOR of approximately 21nm. The sheet resistance Rs is found
to be 460 ohm/sq.
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FIGS. 4 and 5 illustrate the impact that the process of FIG. 2 may have on junction
depth and leakage, respectively. FIG. 4 is a plot of junction depth, Xj, versus PAI energy
levels for four different PLAD implant energies/doses. The plot at the implant
energies/doses shows Xj decreases with increasing PAI energies. Also, for any given PAI
energy level, Xj increases with increasing implant energy/dose.

In FIG. 5, the horizontal axis is the difference between the junction depth and the
PAI end of range damage (Xj-EOR) and the vertical axis is diode leakage current (A/cm?).
The plotted points correspond to similarly labeled points in FIG. 4. What can be seen is that
good leakage can be obtained with Si PAI of 10keV and implant energy/dose of
5keV/2E16/cm?, and that all the leakage values are within the acceptable level required for
both high performance (<2E-1 A/cm?) and low power (<2E-2 A/cm?) logic devices. The
corresponding junction depth from FIG. 4 is approximately 680 angstroms. Thus, a high
quality, low resistivity, ultra shallow junction can be formed using the methods described
herein at implant energy levels consistent with current efficient implant technology.

While the methods and systems have been disclosed in connection with the
preferred embodiments shown and described in detail, various modifications and
improvements thereon will become readily apparent to those skilled in the art. For example,
beam-line implantation and PLAD may include n-type doping in addition to the p-type
doping described herein. For n-type doping using PLAD, the wafer can be doped with AsHj
or PH;. Using beam-line implantation, the wafer can be doped with As+, P+, or Sb.
Accordingly, the spirit and scope of the present methods and systems is to be limited only

by the following claims.
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What is claimed is:

1. A method of forming a junction in a semiconductor material, comprising:
amorphizing a region of the material to a first depth;
doping the region to obtain a junction depth greater than the first depth; and
annealing the material at a temperature consistent with solid phase epitaxy (SPE)

regrowth of the material so as to activate the junction.

2. The method of claim 1, wherein amorphizing comprises a preamorphizing implant
(PAD).
3. The method of claim 2, wherein the PAI is one of an ion species including silicon,

germanium, indium and antimony.

4. The method of claim 2, wherein the PAI energy is less than about 12.0keV.

5. The method of claim 4, wherein the annealing temperature is in a range of about
550°C to about 750°C.

6. The method of claim 2, wherein the annealing temperature is in a range of about
550°C to about 750°C.

7. The method of claim 1, wherein doping comprises one of beam-line implantation
and plasma doping (PLAD).

8. The method of claim 7, wherein ions are extracted from a plasma comprised of one

of BF3, B,Hg, AsH; and PH;.
9. The method of claim 8, wherein PLAD comprises implanting at energies in a range
of about 200eV to 2.0keV.
10.  The method of claim 7, wherein beam line implantation comprises implanting one
of B'! ions, BF, ions, As+ ions, P+ ions and Sb ions.
11.  The method of claim 10, wherein beam line implantation comprises implanting at
energies in a range of about 200eV to 2.0keV.
12.  The method of claim 7, wherein amorphizing comprises a preamorphizing implant
(PAI).
13.  The method of claim 12, wherein the PAI is one of an ion species including silicon,
germanium, indium and antimony.
14.  The method of claim 12, wherein the PAI energy is less than about 12.0keV.
15. The method of claim 14, wherein:

plasma doping comprises extracting ions from a plasma comprised of one of BF3,
B,Hs, AsH; and PH3; and
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beam line implantation comprises implanting one of B! jons, BF, ions, As+ ions,
P+ ions and Sb ions at energies in a range of about 200eV to 2.0keV.

16.  The method of claim 15, wherein the annealing temperature is in a range of about
550°C to about 750°C.

5 17.  The method of claim 1, wherein the annealing temperature is in a range of about
550°C to about 750°C.

-10 -



PCT/US02/36977

WO 03/044860
1/5
\\ )
3
(7 &
(O]
o
O
o
o \ Ay 8
65 . \ 2
7] \
e
©
(=)
o o o o o o o ©
B 8 g g g g 8

(v) ydeq Ivd

FIG. 1

PAl implant Energy (keV)



PCT/US02/36977

WO 03/044860

2/5

¢OA

801 — |

TVANNY
gdS

(Burdog
vuIse[J 10
aur-ureeq)
INVIdNL

yor — |

Ivd
DNISN
RCELZ)Y
HZIHIIONY

ddIVM
JAIAOCHd

.\ 001



PCT/US02/36977

WO 03/044860

3/5

¢ "DIA

008 004

T

009

(y) wdeg
00S 00¥y
w. .
P
2
[e)
W <
1 2
>

00¢

00¢ 00l

IVd-IS A®3S

ZW9/GLE - 99 N\SM0¢E

H
¥
H
H
1

J0 |Vd 10} umoys ejeq ”\/

1oL 65z !

8'g vie |

8y 09y |

Ve L

€€ 80LL !
o%p/wu  BS/UYQ0 ! A
ssauydniqy sy ! 3

8131-0231 wol} _uw._:m_@o_.: ssoau)
ulwgl 9, 085 ¥ 3dS Ag pemojjoliavid

dniqy

3

avid §13s A0S —-
avid §13s Aoe—+
avid §13s ANOZ—+
avid §135 A0’ L —r
avid .wm_m MNI90—r

E] k2

9l+3dl

Li+3d)

8i+dl

6l+31

0c+31

le+dl

¢c+dlL

€c+dl

(o9/swoye) uonenuasuon g



PCT/US02/36977

WO 03/044860

4/5

v "OId
(A®) A810u0 TV J

ooo0'se 0oo'oe 000'6Z 000'0Z 000's1L 000°0L 000‘S 0

1

CTWOSTAG/A) | T———

e
CWO/STAG/ANL

.

CUd/CTHS/ANS—

— <

/

CWO/QTHT/AJS

o~

o~

X uo v Jo sdusnpuy

001

0oc

o00¢e

ooy

00S

009

004

008

006

000}

()



PCT/US02/36977

WO 03/044860

5/5

S O

00~

-
-
-
-
-

[onsT s|qedeoy

(swoxnsBuy) Yo7 ~ Ix
00¢ 00% 00¢ 002 00} 0 00}~ 00¢- 0og-
VId +
IVd-AM0€
w 9THZ/ANS
Ivd ON
ads <
-
S
N < .m. oYW, T.V~C2 1
//I u S OUUTP
o IVA-A%M0T ~
SN THT/AYS m.
//// 2
~ e sy
I/I O YU OUUTY
S
//l nlm
/// w
™ N W £0-300°
. IVEAMS 3 IVd-AdY0Z
S STHS/AMT IVd-AI0E STAS/A009 __
o 9TAZ/AMS ey
SOND Jemod moT
_ [oneT 9|qedsddy ~ o300 o
/// \\\\\\\*\
ﬂlllll.. +6-360+
SOIND souewlopad YbiH adeyea -sA- JOI-IX



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US02/36977

A. CLASSIFICATION OF SUBJECT MATTER
IPC(7) HO1L 27/01, 21/8238, 21/336, 21/425
USCL 438/199, 261, 263, 301

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

U.S. : 438/199, 261, 263, 301; 257/347, 348, 354, 382

Minimum documentation searched (classification system followed by classification symbols)

NONE

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

NONE

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category *

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

- 5 line 31.
Y.P

A T US 6,043,139 A (Eaglesham et al) 28 March 2000 (28.03.2000), see entire document.
A "WUS\G,362,063 B1 (Maszara et al) 26 March 2002 (26.03.2002), see entire document.
A ] US 6,090,648 A (Reedy et al) 18 July 2000 (18.07.2000), see entire document.

Y, P wlUS 6,436,749 B1 (Tonti et al) 20 August 2002 (20.08.2002), column 3 lines 6-42.

X,P .—1 US 6,465,847 B1 (Krishnan et al) 15 October 2002 (15.10.2002), column 2, line 62- column

D Further documents are listed in the continuation of Box C.

[]

See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered to be
of particular relevance '

“E” earlier application or patent published on or after the international filing date

“L"  document which may throw doubts on priority claimy(s) or which is cited to
establish the publication date of another citation or other special reason (as
specified)

“O”  document referring to an oral disclosure, use, exhibition or other means

“P"  document published prior to the international filing date but later than the
priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

“X document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&" document member of the same patent family

Date of the actual completion of the international search

11 February 2003 (11.02.2003)

Date of mailing of the international search report

28 APR 2003

Name and mailing address of the ISA/US

Commissioner of Patents and Trademarks
Box PCT
Washington, D.C. 20231

Facsimile No. (703)305-3230

Authorized officer
John F Niebling
Telephone No. 308-3325

Q. 9.

Form PCT/ISA/210 (second sheet) (July 1998)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

