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ULTRA-SHALLOW SEMICONDUCTOR JUNCTION FDRMATION 

- DESCRIPTION 

Field of the Invention 

The present_ invention relates to microelectronidri: 

and, in particular, to a method of fabricating an 

ult~a-shallow junction in Field Effect.Trarisistor 

(FET} devices, such as Complementary Metal Oxide 

Semiconductor (CMOS) devices. 

Background of the Invention 

Advances in the miniaturization of CMOS devices 

have been a key driving force behind the explosive 

growth of various network centric computing 

products such as ASIC high speed microprocessors 

and memories, low power hand-held computing 

devices, cable modems and advanced multi-media 

audio and video devices. Smaller CMOS devices 

typically equate to faster switching times which 

led to speedier and better performing end user 

systems. 

The process of miniaturizing CMOS devices 

involves scaling down various horizontal and 

vertical dimensions in the CMOS device structure. 

In particular, the thickness of the ion implanted 
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source/drain junction of a p- or n-t:YPe transistor 

is scaled down with a corresponding scaled 

increase in the substrate channel doping·. In this 

manner, constant el~ctric field is maintained in 

the. transistor. channel which results in higher 

speed performance for the scaled down CMOS 

transistor. For example, for a 0.1 µm CMOS 

device, :the source/drain extension junction 

closest to the transistor channel is as shallow as 

50 nm and has a channel doping: concentration·as 

high as lx1018/cm3 • 

For CMOS devices with a critical gate dime~sion 

below 0.25 µm, a shallow junction is not the only 

requirement. A more important requirement, ~n the 

source/drain extension junction, is the abruptness 

of the junction/dopant profile slope which is in 

proximity to the transistor channel. As shown in 

Fig.l(a), there is more penetration of the 

source/drain dopant into the transistor channel as 

the junction/profile slope becomes less abrupt. 

This results in poor threshold voltage roll-off. 

characteristics for sub-quarter micron CMOS 

devices (See, for example, Fig.l(b)). Thus, for 

small advanced CMOS devices, it is vital for the 

source/drain extension junction profile to be 
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shallow, .abrupt and have a high surface 

concentration. · 

The formation· of source/drain extension junctions 

in CMOS devices is commonly carried·out in the 

prior art by ion implantation in appropriately 

masked source/drain regio~s of a silicon ·substrate 

with boron· (p-type) or arsenic and phosphorous (n­

type) dopants. To minimize ion channeling during 

ion implantatiq,n, which will broaden the implanted 

profile, the silicon substrate is usually 

preamorphized with heavy ions such as Ge or Si .. 

Preamorphization of silidon is a process in which 

sufficient ion dose is used to convert the surface 

region of the Si substrate from crystalline to 

amorphous. The depth of the converted amorphous 

region depends on the nature of the ions; ion 

energy and the dose of the incident ions on the 

silicon substrate~ Although the preamorphization 

process helps to sharpen the implanted profile and 

improve the epitaxial silicon regrowth process 

during subsequent thermal annealing, it also 

creates ·extensive crystal damage and excess Si 

interstitials at the End of Range (EOR) of the 

preamorphized ions. As is known to those skilled 

in the art, Si interstitials are displaced Si 

atoms created by ion bombardment of the 
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crystalline Si substrate. Duri~g thermal. 

anneal·ing, . the presence of these BORs is· 

detrimental since excess Si -interstitials greatly 

enhance (10 to 1000 t~mes) the norm~l 4iffusion of 

dopants through the Si substrate and result in a 

much deeper source/drain juncti~n and ·poore_r 

junction profile. 

This greatly enhanced.diffusion of dopants due to 

the prese~ce of excess Si interstitials around the 

dopant.atoms is commonly referred to in the prior 

art as transient enhanc_ed diffusion (TBD) • In. 

particular, the relatively high diffusivity of 

small boron dopan~s in combination.with ion 

channeling.and transient diffusion makes the 

fabrication of small p-type CMOS devices 

difficult. The aforementioned combination also 

rep.resents a major hurdle that needs to be 

overcome before further miniaturization of the 

CMOS device technology can occur. 

Several prior art approaches have attempted to 

reduce the transient enhanced diffusion for 

shallow junction formation,. In one approach, a 

carbon co-implant was used to reduce the transient 

diffusion of boron dopant during rapid thermal 

anneal (RTA). The conditions employed in· forming 

.r 
. ~·· 
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the shallow junction ~sing carbon co-implantation 

were as follows: 2 keV boron shailow implant, dose 

lxl015/cm2
, carbon· implant (energy not reported), 

dose = 2x1ou;cm2 • Rapid thermal anneal (RTA) 

conditions were 950°C, 30 seconds, or 1050°C, 30 

seconds, respective~y~ ·Although carbon co-implant 

is effective in reducing the transient diffusion 

of boron, ·this method suffers from the 

disadvantage -that high density of residual defects 

remain after RTA. This is the case even using 

high temperature anneal conditions (1050°C, 30 

seconds) . The high density of residual defects 

results in high electrical leakages for the 

shallow junction. 

Another approach reported by T.H. Huang et al. 

(uinfluence of Fluorine.Preamorphization on the 

Diffusion and Activation of Low-energy Implanted 

Boron during Rapid Thermal Anneal," Appl. Phys. 

Lett., (1994) Vol. 65, No. 14, p. 1829} used 

fluorine co-implants to reduce the transient 

diffusion of boron dopants during rapid thermal 

anneals. The conditions used in this reference 

for shallow junction formation are as follows: 

fluorine implant, 40 keV ion energy, dose = 2x1015 

/crn2
, 5 keV boron or 23 keV B"F2 shallow implants .. 

In the process disclosed by Huang et al., the 
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wafers were r.apid thermal annealeq at 1000°c, 

1050°C and 1100°c for_30 seconds. Although the 

presence of fl"uorine implants.reduced the 

transient boron enhanced diffusion during RTA, 

_this prior art method also suffers from the 

disadvantage that residual defects remain after 

1000°C, 30 seconds ~nneal. Residual defects can 

only be .removed with 1100°C, 30 seconds anneal. 

However, substantial dopant motion occurs at this 

higher temperature·and therefor ultra-shallow 

junctions cannot be formed. 

Another approach reported by s. S~ito entitled 

"Defect ·~eduction by MeV Ion Implantation for 

Shallow Junction Formation," Appl. Phys. Lett., 

(1993) .Vol. 63, No. 2, p. 197 used fluorine 

implants for preamphorization (40 keV, 1x1015/cm2 ), 

shallow implant; boron at 10 keV and. Sx1015 /cm2 • 

This was followed by ion implantatio~_of either 

fluorine or silicon at 1 MeV energy or arsenic at 

2 MeV energy. The dose used for the MeV implant 

was between 5x1014 to _5xl015 /cm2
.• The samples were 

rapid th.ermal annealed at 1000°c or 1100°C for 110 

seconds. Under these experimental conditions, 

Saito demonstrated that the MeV implants were 

effective in reducing the boron transient 

diffusion with and without fluorin~ preamphori-
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zation. This· reference -also demonstrated' that. 

maximum reduction in boron dopant dif fu~ion was 

achi_eved. when both fluorine preamorphization and 

Mev fluorine implants were used. ' However, as 

mentioned in the prior. art earlier, use of 
. .• 

fluorine implants creates residual defects-and 

requires temperatures as.high as 1100°c for low 

leakage junction to be formed. 

In each of the -prior-art references mentioned 

her.einabove, high energies were used to implant 

boron (2 to 10 keV) or BF2 (23 keV) into 

semiconductor materials. These energy ranges are 

however unsuitable to create an ultra-shallow 

boron dopant junction below 50 nm. All ~he 

junction depths created by the prior art 

techniques are between 60 - 100 nm. Although the 

combination of high ·temperature (>1000°C) and long 

annealing times (10 ·to 30 seconds) minimize 

residue defects due to carbon or fluorine co-. 

implants, it inhibits the formation of ultra­

shallow junctions. Moreover, all of the prior art 

techniques overlook the importance of the rate at 

which the waf.er reaches the desired anneal 

temperature, i.e., 1000° to ll00°C, as well as 

ramp down rate for the wafer to cool down from the 

anneal temperature. 
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Despite the current advances made in the field of· 
microelectronics, there is·· still a need for 

providing a new and improved method which provides 
an ultra-shallow junction in FET devices while 
overcoming all of the drawbacks mentioned 

hereinabove. 

sunimary of the Invention 

One object of the present invention is to provide 
a method of fabricating ultra-shallow junctions in 
microelectronic devices. 

Another object of the present invention is 
directed to providing a method wherein all of the 
aforementioned drawbacks of the prior art 
processes have been overcome. 

A further object of the present invention is to 
provide a method wherein the resultant 
microelectronic device has a shallow extension 
junction whose boundaries exhibit a sharp change 
in dopant concentration. 

These as well as other objects and advantages are 
achieved by the method of the present invention 
wherein an ultra-shallow junction is formed in a 
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·semiconductor material by using a high energy ion 

implantation step· followed by low energy 

implantation of a dopant ion and subsequent 

annealing. Specific~lly the present.invention 

relates to a method of forming an ultra-shallqw 

junction·in ~semiconductor material comprising 

the steps of: 

(a) irradiating a surface of a semiconductor 

material with a first ion at a first 

irradiation energy.sufficient to implant said 

first ion to .a first depth; 

(b) irradiating said semiconductor surface with a 

dopant i_on at a second irradiation energy 

sufficient to implant said dopant ion to a 

second depth that is less than said first 

depth of said first ion; and 

(c) heating said semiconductor material under 

conditions effective to cause substantial· 

annealing· of said dopant ion within said 

semiconductor material and for a period of 

time to prevent substantial diffusion of said 

dopant ion to a depth greater than said 

second depth. 
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According to a preferred embodiment of the present 

invention, and prior to conducting step·. (b), the 

semiconductor surface is·irradiated with a second· 

·ion at a third irradiation energy which is 

sufficient to render sa~d semiconductor material 

substantially amorphous and to a third depth 

greater than said second depth and less than said 

first depth. 

Another preferred embodiment of the instant 

invention comprises forming a thin layer of 

amorphous insulator material on said surface of 

said semiconductor material. When this embodiment 

of_ the present invention is carried out, it 

typically occurs prior to conducting step (a) or 

(b) -

In yet another embodiment of the present 

invention, step (b) -may precede step (a) . That 

is, the present method may be carried out by 

conducting step (b} before step (a), i.e., by 

irradiating with the dopant ion first, followed by 

irradiating with a high energy deep implant of the 

first ion. 

Preferably, the semiconductor material is silicon 

and the first irradiation energy, for the high 
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energy deep implant··, is between about 200 keV and 

~bout 2000 keV I and the second irradiati"on energy I 

for shallow dopant implantation is between a.bout 

100 ·ev to about 5 keV. 

In another aspect of the present invent.ion, a 

structure us~ful in fabricating microelectronic 

devices such as··a FET or CMOS devic.e is provided~ 

I~ accordance with this aspect of the present 

invention, a s~ructure having an abrupt p-n 

junction is disclosed. ·The structure :comprises-a 

shallow implant region defined by dopant material 

of a first conductivity type formed irl the surface 

of a semiconductor substrate of a second 

conductivity_ type, said semiconductor substrate 

comprises a region of coalesced high concentration 

of interstitial first ions disposed substantially 

at a first depth, said shallow implant'region 

having a _second depth less than .said first depth· 

wherein the concentration of said dopant ion at a 

boundary. junction of said shallow implant region 

with said semiconductor substrate changes by a 

factor of 10 within a distance of less than 60 A 

measured at, and perpend~cular to, said boundary. 

A field effect transistor comprising a micro­

electronic device having a source region.and a 
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drain region formed ip· mu.tually ·spaced adjacency 

in said surf ace of a semiconductor substrate 

having a pair of said shallow implant regions 
. . 

being disposed betw~en and formed as spaced•apart 

extension~ of so~rce and drain regions to form a 

channel region between the spaced-apart shallow 

implant regions 1 . and a ga·~e electrode overlying 

said channel region is also provided herein. 

Brief Description of the Drawings 

Fig. l(a} is plot of net doping concentration 

(Nd-Na)· (x_l0 18/cm3 ) vs distance (µm) along the· 

channel. 

Fig. l(b) is· a plot of the threshold voltage roll­

off (V) VS Leff (µm) • 

Figs. 2(a)-2(e) show various embodiments of the 

semiconductor material employed in the present 

invention. 

Fig. 3 shows an alternative semiconductor material 

containing shallow trench oxide isolation regions 

between the active device region that can be 

employed in the present invention. 
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Fig. 4 is a cross~sectional view of a 

semiconductor structure having an ultra-shallow 

junction pr~pared in accordance with the present 

invention. 

Fig. 5 is a cross-sectional vie~ of a FET device 

having ultra-shallow source and drain regions~ 

Fig. 6 is a plot of.: (l~ft axis) boron 

concentration· (atoms/cc). vs depth (A}; (right 

axis} Ge relative intensity vs depth (A) . 

Fig •. 7 ;is a plot of. boron concentration (atoms/cc) 

vs· depth {A). 

Fig. B .. is a plot of boron concentration (/cm3 ) vs 

distance from Si substrate surface {A). 

Detailed Descript~on of the Invention 

The present invention which provides a method of 

fabricating microelectronic structures and devices 

having all: ultra-shallow 'junction wil·l now be 

described in detail with reference to the 

accompanying drawings wherein like reference 

numerals are used for like and corre~ponding 

elements of .the drawings. It is noted that the 
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term uultra-shallow"· denotes a junction that has a 

depth of about s_o run or· less. More preferably, · 

_the junction formed by the instant invention·has a 

depth of from. about 10 to about 45 run. 

R~ferring first to Fig. 2(a), there is shown a 

semiconductor material 10.which is subjected to 

~rradiation with a first ion .under conditions 

sufficient to implant_ said first ion to a first 

depth in semiconductor material· 10. 

As is shown in Fig. 2(a), semiconductor material 

10 contains a semiconductor substrate 12 and oxide 

isolation regions 14, 14' and 14 11
• Semiconductor 

substrate 12 is composed of conventional 

semicon~uctor rn~terials which are typically 

employed in forming microelectronic devices. 

Examples of such s~iconductor substrates include, 

but are not limited to, silicon, germanium, 

gallium arsenide, silicon germanium or mixtures 

thereof. A highly preferred material for 

semiconductor substrate 12 is silicon. 

The oxide isolation regions are formed in the 

surface of semiconductor substrate 12 using 

conventional techniques well known to those 

skilled in the art. Examples of forming oxide 
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isol,ation. regions in s·emiconductor subst-rate .12 

include; but are not limited to, thermal oxidation 

or chemical vapor depositipn. 

Alternatively, semiconductor material .~O may 

comprise semiconductor substrate 12 that ha-s 

shallow trench oxide isolation regions 14,. 14' and 

1;4" formed therein. Such a structure is shown in 

~ig. 3. Specifically, this structure is formed by 

using conventi~nal means as described, for 

example, in Nag, et al. "Shallow trench isolation 

for sub 0.25 µm IC technology," Solid State 

Technology, September 1997, pp. 129-136. This 

includes the steps of: growing a thermal oxide 

layer on a semiconductor material, providing a 

nitride lay~r to said thermal oxide layer,.etching 

said structure to provide trenches in the 

semiconductor material, depositing a thermal oxide 

liner layer.in said trenches, depositing an oxide 

material in said trenches and planarizing the 

structure. 

Although the description to follow is related to 

the semiconductor material shown in Fig. 2(a), ·it 

is emphasized that it also would pertain equally 

to the structure shown in Fig. 3. 
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.Gates 16 an~ 16 1 in the action device region, 

shown in ·Fig. ·2(b), may be present on the surface 

of the semicon(!.uctor substrate PJ'.ior t.o conducting 

any steps of the present invention. Gates 16 and . . r: 
16 1 are composed-of ·an insulating material 18 and 

a conductor material 20. Suitable insulating 

materials include, but;: are not limited to, Si02 , 

Si3N4 , Ti02 , Al203 and the like. Mixtures of these 

insulating materials are also contemplated herein. 

Conductor 20_, forming gates 16 and 16 1 
I includes 

·conventional conductor materials such as 

polysilicon, W, Cr, Cu, and the like. It is 

emphasized ·that if the gate.s are not present on 

the surface of the semiconductor material prior to 

fabricating the ultra-shallow junction, they may 

be formed after the annealing step of the present 

invention using conventional methods well known to 

those skilled in the art. 

Prior to providing the oxide isolation regions or 

the trench oxide isolation regions on 

semiconductor substrate 12, the surface of the · 

semiconductor substrate may be cleaned to remove 

any surface contaminants that may exist thereon~ 

While any cleaning method known to those skilled 

in the art may be employed in the present 
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invention, it is preferred that a Huang clean be 

used. 

As stated hereinabove, a first ion is impl_a~ted 

into the·su~fac~ of semiconductor substrate·12 

using high energy implantation. Suitable fi~st 

ions that may be implanted.by high energy 

·implantation. -are Si, Ge, As, In, Ga and the like. 

The. first ion may b~· the same or different· from 

the semiconduc~or substrate. A' highly preferred 

first ion used in this step of the present 

invention is Si. It is noted that the first ion 

implanted into the semiconductor substrate creates 

damaged regions, i.e., defects, in the 

semiconductor substrate. 

The first ion is implanted into the semiconductor 

substrate using a conventional ion implantation 

apparatus· that operates at high energies. By 

Nhigh energies" it is meant that the ion 

implantation is carried out at an energy of from 

about 200 to about 2000 keV. More preferably, the 

first ion ·is implanted at an energy of from about 

500 to about 1000 keV. The dosage, i.e., 

concentration, of the first ion implanted by this 

high energy implantation step is, typically, of . . . 
from about lx10 13 /cm2 to about lx10 16 /cm2 • More 
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preferably, _the f.irst ion dose is from about 

lxl014/cm2 ·to .. about· lxl015/crn2 • The hiqh enerqy ion 

implantat.ion step. is carried out at a temperature 

of from about -·200° to _about 23°C. Usinq. the 

above defined parameters, the first ion is 

implanted.to" a depth o~ from a.bout 0.2 to about 

2.0 µrn. More preferably, the f~rst ion is 

implanted to a· depth of from about 0.5 to about 

1.0 µm. 

When the surface of the semiconductor material is 

first doped with a heaVy ion, i.e., preamorphized, 

the semiconductor material is treated prior to the 

low energy dopant implantation step to remove 

screen or native oxides in the active device 

region using conventional techniques well known to 

those skilled in the art. One way of removing the 

oxides is by treating the semiconductor material 

with dilute hydrofluoric acid. This embodiment of 

the present invention is not illustrated in the 

drawings. 

In the next step of the present invention, a 

dopant ion is implanted i~to the surface of the 

semiconductor material by using a low energy ion 

implantation step which is conducted under 

conditions that are effective to implant said 
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dopant io~ to· a depth less than the high ~nerqy 

implanted first ion. The dopant ion employed in 

this step of the present invention depends on the 

type of junction being formed. For example, if a 

p-type junction is being formed, the dopant ion is 

boron. When a n-type junction is being formed the 

dopant ion is As, P or Sb. The source of the· 

dopant ion is usually in the form of a molecular 

complex ion derived from BF2 , B10H14 or As2 gas 

sources. 

This low energy dopant ion implantation step is 

conducted using an ion implantation apparatus that 

operates at low energies of from about 100 ev to 

about 5 keV. More preferably, the low energy 

dopant ion implantation step is carried out at 

energy range of from about 200 eV to about 1 keV. 

The dosage of dopant ions implanted in this step 

of the present invention is in the range from 

about lxlO 13 / cm2 to about lxl 015 I cm2
, more 

preferably from about lx10 14/cm2 to about 

·lx1015 /cm2 • This low energy dopant ion implanta­

tion step is carried out at a temperature of from 

about -200° to about 23°C. 

Using the above defined parameters, the dopant 

ion is implanted to a depth which is shallower. 
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than that of. the first implanted ion. ·specifi­

cally, the dopant ion is .implanted to a depth of 

from about 10 to about 500 A. M~r~ preferably, 

the dopant ion is implanted to ~-depth of from 

about 10 to about 250 A. 

It is noted that the above steps of high energy 

ion implantation and low energy dopant ion 

implantation may be conducted in any order. That 

is, th_e steps may be conducted· ·in the manner 

indicated above, or, in an alternative embodiment, 

the low energy dopant ion implantation step may· 

occur before.the high energy ion implantation 

step. 

When gate regions 16 and 16' are present on the 

active device area of the semiconductor material, 

the active device area between the oxides 

isolation regions may be covered with a . 

conventional resist blpck mask 22 prior to low 

energy ion implantation. After low energy 

implantation of a particular dopant ion (n-or p­

type), the resist mask is removed by conventional 

methods and then the area containing the low 

energy implanted dopant ion is covered as before 

and the uncovered area is irradiating with a 
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dopant ion qifferent from the first region~ This 

is . shown in_· J?igs. 2 (c) and (c'), respectively. 

·In another aspect of the present invention, a 

second ion is impla~ted into the surf ace of the 

semiconductor substrate using a third irradiation 

energy which is effective to render the semi- · 

conductor material substantially amorphous. When 

such a preamorphiz·ed step is employed, it 

typically is co~ducted prior to.implanting the 

dopant ion. The second ion is typically a heavy 

ion suqh as, but not limited to, Ge, Si and the 

like. A highly preferred ion for preamorphization 

is Ge. 

Th,e conditions used in this preamorphization step 

are sufficient·to implant said second ion to a 

depth greater than said dopant ion but less than 

the depth of the first ion. Specifically, the 

preamorphization step is conducted at an energy of 

from about 2 to about 40 keV, an ion dqsage of 

from about lxl013/cm2 to about Sxl015 /cm2
, and at a 

temperature of from about -200° to about 23°C 

Using the above defined conditio.ns, the second ion 

may be implanted to a depth of from about 100 to 
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about 1000.A, more preferably from about.150 to 
about 500.,· A. 

In another aspect of the present invention, a 

thin,.amoi'phous ~nsulat~ng layer may be deposited 
on the surface ·of the·semiconductor material. prior 
to conducting the implantation steps using 
conventional '_techniques well known to those 
skilled.in the art; e.q •. thermal oxidation or 

·Chemical vapor deposition. The' insulating 

materials used in this step of the present 
invention are the same as those mentioned 
hereinabove in forming the gate regions. 
Typically, the thickness of the ·insulating layer 
deposited is from about 10 to about 70 A. More 
preferably, _the thickness of insulating material 
is from about 15 to about 50 A. 

After conducting the·various implantation steps 
mentioned hereinabove, ·the semiconductor material 
is subjected to heating under conditions which are 
effective to cause substantial annealing of the 
dopant ion and for a period of time which is 

sufficient to prevent diffusiOJ:?. of the dopant ion 
to a depth greater than its initial implantation 
depth. In order to obtain this result, a rapid 
thermal anneal (RTA) process with high ramp-up and 
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ramp-down rates are employed. SpecificaJ.ly, the 
semiconductor material is· heated in an inert gas 
atmosphere from room temperature to a temperature 
of from about 850° to about 1100°C at a ramp-up 
rate of ·from about 50° to about 1000°C/sec. More 
preferably, the semiconductor material is heated 
from room tempe~ature to a temperature of from 

about 950° to about 1050°C at a ramp-up rate of 
from about 50° to about 500°C/sec. 

After the desired temperature is achieved, the 

temperature is held fo.r a time period of from 

about 1 milliseconds to about 5 sec.on~s, and more 
preferably, fro~ about ~O milliseconds to about 5 
second. Once the desired holding time has 
elapsed, the semiconductor material is then cooled 
down· to room. temperature at a ramp-down rate of 
·from about 50° to about 1000°C/sec. More 
preferably, the cooling rate is from about 50° to 
about 500°C/sec. 

The above described RTA step is carried out using 
an·apparatus containing, for example, a halogen 
lamp, an arc lamp, a C02 laser or a microwave 
cavity or gyratron. A stationary furnace 

containing prescribed heating zones could also be 
used provided that the furnace contains a means 
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for rapidly transferring the semiconductor 
mater1al along said heating zones. 

"The final structure achieved by the present 
invention containing an ultra-shallow junction is 
shown in Figs. 2(d) and 2(e). In bot~ of these 
figures, the ultra-shallow junction "is _denoted as 
24.~ It is noted that the depth of the junction 
formed from the above method is much shallower 
than the depth of junctions formed by prior art 
processes. Moreover, the junctions of the present 

.invention exhibit an abrupt change in the slope of 
the dopant profile at the shallow junction. 

As mentioned above, the instant application also 
provides structures which are useful in 
fabrication of microelectronic devices, such as 
FET or CMOS, which contain an ultra-shallow 
junction. One such structure is shown in Fig. 4. 
Specifically, the structure shown in Fig. 4 
comprises a shallow implant region 36 formed in 
the surface of semiconductor substrate 
12. The semiconductor material comprising a 
region 32 of coalesced high concentration of 
interstitial first ions disposed at a first depth. 
The shallow implant region 36 has a second depth 
less than the depth of said first ion and the 
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concentration of the.dopant ions in said shallow . . .. . ' 

implant region are such· that the boundary junction 

of said shallow implant region 36 with said 

semiconductor substrate 12 .changes by a factor of 

10 within a distance of less than 60 A, measured 

at, and perpendicular to, the boundary. 

In the above structure, the second depth is 

typically less than 500 A; the change in 

concentration ~f·said dopant material at the 

boundary junction is abo~t lxl018/cm2 ; and the 

first ion depth is about 10,000 A. 

A device that can be fabricated by the instant 

invention is shown in Fig. 5. Specifically, Fig. 

5 depicts a FET device comprising a 

microelectronic device having a source region 42 

and a drain region 44 formed in mutually spaced 

adjacency in the surface of semiconductor 

substrate 12. Semiconductor substrate 12 also 

contains regions 32 of coalesced high 

concentration of interstitial first ions disposed 

at a first depth. A pair of shallow implant 

regions, 36 and 36' respectively, are disposed .. 

between and formed as spaced apart extensions of 

source region 42 and drain region 44 to form 

channel region 48. Gate electrode 50 overlies 
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channel region 48. In Fig. 5, the shallow implant 
regions are located· at a second depth less than 
the depth of said first ion and the concentration 
of the dopant ions in said shallow implant regions 
are such that the boundary junction of said 
shallow implant regions with said sem~conductor 
substrate 12 changes ·by a factor of 10 within· a 
distance-of less than 60 A, measured at, and 
perpendicular to, the boundary. In the FET device 
shown in Fig. 5, the distance between the spaced­
apart shallow implanteq regions' is less than 2500 
A. 

The following examples are given to illustrate the 
scope of the present invention. Because these 
examples are given for illustrative purposes. only, 
the invention embodied therein should not be 
limited thereto. 

__.·- --
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·EXAMPLE 1 

In this example, <100> n-type silicon wafer with 

resistivi~y of about 10 ohm-cm was used for the 

experiment, the wafer surface was first treated 

with a Huang clean to remove any surface 

contaminants. Thermal oxide (5 run thick) was then 

-grown on -1::.he surfac·e at a temperature of about 

850°C. This oxide layer is conunonly known as 

screen oxide a~d is primarily used for reducing 

contamin~tion du~ing ion implantation. 

Some silicon waf~rs were then implanted with a 

series of well im~~ants and some.silicon wafers 

were not. -The details of the· wells implant 

consist of the following series of ion 

implantations which were carried out·one after the 

other: antimony, beam energy 190 keV, dose 

6x1012/cm2 , antimony, beam energy 145 keV, dose 

lx1013/cm2 , antimony, beam energy 120 keV, dose 

lxl 013 / cm2 , phosphorus, beam energy 19 O keV, dose 

lxl 013 / cm2 ~ phosphorous, beam energy 12 0 keV, dose 

lx1012/cm2 , phosphorous, beam energy 75 keV, ·dose 

lx1012/cm2 , phosphorous, beam energy 50 keV, dose· 

lxl012/cm2 , phosphorous, beam energy 20 keV, 

dose lxl 012 I cm2 
• 
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After the well implants, the silicon wafers with 

and without well implants were then preamorphized 

with germanium ion implant at a beam energy.of 

about 25 ·keV, dose at 2x1014/cm2 and. 7 degree tilt. 

It is noted that th~ germanium p~eamorphization 

randomizes the silicon substrate and prevents ion 

channeling of the d~pant implant in the subsec;luent 

imJ;?lant. In addition., germanium implant also 

provides the best preamorphization characteristics 

which allow fast restore or regrowth of ·the 

:damaged"silicon surface to crystalline order. 

'After preamorphization, all silicon wafers were 

implante.d with BF2 implant at beam energy of 5 keV, 

dose at lxl015/cm2 and tilt at 7 degree. The BF2 is 

the molecular ion source which provides the low 

energy boron ions at a much higher BF2 implant 

energy. For example, the 5 keV BF2 beam energy 

translates to 1.25 keV boron implant energy for 

shallow as implanted depth before thermal anneal. 

The sharp as implanted boron dopant profile is 

illustrated in Fig. 6 for the implant conditions 

used. As .shown, the as-implanted junction depth 

measured at lxl018/cm3 boron dopant concentration is 

22 run and the junction slope at the same dopant 

concentration is about 6 run per-decade change in 

dopant concentration.. No obvious boron ion 
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channeling is obs.etveci under these as imp:I:anted 

conditions. After the .BF2 sha.llow implant, all 

silicon wafers were implanted with_high energy 

silicon implant at energy of either 670, 870 or 

1000 keV and a dosage at· lxl015/cm2 • Next, all the 

silicon wafers were treated.with a mo~ified Huang 

clean to ~emove any contaminants introduced during 

ion implantation. 

The silicon waf.ers were then annealed with an AG 

Ass9ciates Rapid thermal annealer. ·The AG 

annealer is equipped with a tungsten. halogen·· lamp 

which has sufficient power to raise wafer 

temperature to-1000°C or more. The silicon wafer 

were then annealed one at a time. The rapid 

thermal anneal conditions were as follows.and were 

identical for each.wafers: The wafer was initially 

at room temperature, the temperature ramp up for 

the wafer was at_125°C/second, the anneal 

temperature was at 1000°G, the hold tinie at the 

anneal temperature is 1 second, the ramp down rate 

for the wafer. was also set at 125°C/second. The 

wafer was annealed in the argon atmosphere. 

ultra-shallow junction was formed after the 

anneal. 
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Fig. 6 shows a comparison of the boron dopant 

profile after the RTA ··anneal for silicon wafers 

with and without high energy Si co-implant at a 

beam energy of 870 ·keV and lxl015/cm2 dose. Both 

wafers have same BF2 shallow implant and antimony/­

phosphorous well implants. As can be seen from 

Fig. 6, the boron dopant profile for the annealed 

sample.without· high energy Si co-implant show 

substantial tail movement below lxl018 dopant 

concentration, this is.indicative of.the transient 

boron-dopant diffusion due to excess Si 

interstitials at the end of range damage of the 

germanium preamorphization. The junction slope at 

lx1018/cm3 dopant concentration is about 90 

A/decade. On the other end, as shown in Fig. 6, 

the boron dopant profile for the silicon wafer 

with high energy silicon co-implants show no 

obvious tail motion at below lx1018 /cm3 dopant 

concentration. This result clearly demonstrates 

the effectiveness of the defect interstitial loops 

generated by the high energy silicon co-implant 

for sinking the excess silicon interstitials at 

the end of range dama~e region and suppressing 

transient diffusion of the boron dopant. 

Transmission microscopy was then performed and it 

showed both the ultra-shallow junction (about .30 

B Replaced 
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run in depth) from_ .. the silicon substrate surface 

and the defects loops c·reated by the high enerqy 

Si co-implant whic~ was.located at about 1 µm 

below.the silicon substrate surface. After RTA 

anneal, no defects, were observed in the ultra­

shallow junction region·and full crystallinity of 

the silicon was restored. The measured sheet· 

resistance of the .wafer. after the RTA anneal was 

500 ohm/squares which indicated good activation of 

the boron dopant.· Table 1 show a summary of all 
r' 

the experimental conditions, i.e~, witp_or without 

high energy_ silicon co-implant for different Si 

implant energi~s, 670 keV, 870 keV and 1000 keV 

respectively. It also shows the two cases for 

silicon waf.ers with and without well implants. As 

can be seen, in all cases, high energy silicon co­

implants reduces the .junction depth and sharpens 

the junction slope. This clearly demonstrates the 

usefulness of the method of the present invention 

for ultra-shallow and·· sharp junction formation. 
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Si co-
implants 
energy 
(keV) 

0 

670 

870 

1000 

0 

670 

870 

1000 
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TABLE 1 

HIGH ENERGY SI CO-IMPLANTS 
WITH ULTRA-SHALLOW IMPLANTS 

Co-implant Surf. June •. 
ranqe Cone. Sc depth Xj 
Rp.(um) (cm-3) · at --

lxlOu'.(A) 

WITHOUT WELL IMPLANT 

- 1. Sx1020 365 

1.0 1. 8x1020 320 

1.2 1. ax1020 345 

1.29 i. 8x1020 355 

WITH1WELL IMPLANT 

- 1. 5x1020 345 

1.0 1. 8x1020 300 

1.2 1. 8x1020 320 

1.29 1. 8x10 20 320 

'• 

Xj slope 
at lxlou 
(A/dec;:ade) 

105 

65. 

70 

70 

90 

60 

60 

65 
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EXAMPLE 2 

In this example, the method of the present 

iµvention was used to generate a shallow and sharp 

junction. A <100> n--type silicon wafer was treated 

with Huanq cle~ to remove the surface contami­

nants. Thermal oxide 5 nm thick was grown on. the 

silicon substrate surface. The silicon was then 

preamorphized with germanium implant at 15 keV 

with a .. dose of .1.·sx1·014 to create a ·shallow 

amorphized layer (20 run) • This was followed by 

low energy BF2 _iniplant. Since the range of low 

energy RF2 implant is low, i.e., about 2 nm ·in 

oxide, the thermal oxide was stripped away with 

dilute hydrofluoric acid (i.e., 50:1J·just before 

the low enerqy implant. The low energy BF2 implant 

was at 1 keV (which is equivalent to 250 eV boron 

dopant energy) and dose at lxl015/cm2 , 7 degree 

tilt. \ ', 

The silicon wafer was then implanted with high 

energy Si implant at 670 keV with a dose of 

lx1015/cm2 and 7 degree tilt. After implantation, 

the silicon wafers were treated'with modified 

Huang clean to remove any surface contaminants due 

to ion implants. The wafers were then RTA 

annealed with the following fast anneal 
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conditions: Wafer starts at room temperature; 

temperature ramp up at 125°C/second to the anneal 

temperature of 1000°c, the time for anneal at 

1000°C was 1 second and the ramp down rate after 

anneal was at 125°C/second. 

Fig. 7 shows th.e dopant as-implanted profile which. 

is shallow -(10 nm junction depth at lxl018/cm3 ) and· 

sharp (i.e., junction slope at lxl018/cm3 is 25 

A/decade). Fig. 8 shows a comparison of the· 

dopant profile after anneal with and without high 

energy silicon co-implants. As can be seen, the 

dopant profile for the silicon wafer with high 

energy co-implants is more box like than th~t 

without high energy co-implants. Moreover, this 

box-like dopant profile offers sharper junction 

slope at lx1018 dopant concentration (i.e., 48 

A/decade vs 60 A/decade for no high energy co­

implants), and comparable ultra-shallow junction . 
depth at lx1018/cm3 concentration i.e., 20 nm. The 

box-like dopant profile also offers an additional 

advantage of lower resistance for the ultra-

shallow junction. This combination of germanium 

preamorphization, ultra-low energy molecular 

implant, high energy co-implant and fast RTA 

anneal produce the shallowest and sharpest boron 
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p+ junction ever. produced by any prior. art 

techniques. 

While the invention has been particularly shown 

and described with respect to the preferred 

embodiments thereof, it will be understood by 

those skilled in the art that the f oreqoing and 

other changes in form and detail may be made 

without departing from the spirit and scope of the 

invention. 

11in1~r 
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CLAIMS 

Having thus described my invention, ~hat I claim 
as new, and desire to·secure by Letters Patent is: 

1. A method of forming a shallow junction in a 
semiconductor material comprising the steps 

of: 

(a) irradiating a surface of a semiconductor 
material ·with a first ion ~t a·first 

irradiation energy sufficient to implant 
said first ion to a first depth, 

(b) irradiating said surface with a dopant 

ion at a second irradiation energy 
sufficient to implant said dopant ion to 
a depth less than said first depth, and 

(c) heating said semiconductor material 
under conditions sufficient to cause 

substantial annealing of said dopant ion 
within said semiconductor material and 
for a period of time to prevent substan­
tial diffusion of said dopant ion to a 

depth greater than said second depth. 
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2. The method of Claim 1, wherein prior to 

conduc_ting step (b), the surface of said 

semicondµctor material is irradiating with a 

second ion at a third irradiation energy 

sufficient to.render said semiconductor 

material substantially amorphous to a third 

depth greater than said second depth and less 

than·· said first depth. 

3. The method of Claim 1 wherein prior to 

conducting step (a) and (b) a thin layer of 

insulator material is formed on said surface 

of said semiconductor material. 

4. The method of Claim 1 wherein· step (b) is 

conducted prior to conducting step (a) . 

· 5. The method of Claim 1 wherein said semi­

conductor material is silicon, germanium, 

gallium arsenide or. silicon germanium. 

6. The method of ·c1aim 5 wherein said 

semiconductor material is composed of Si. 

7. The method of Claim 1 wherein said 

semiconductor material includes oxide 

111111111111111111111111111111 
* C L M S * 

THIS SHEET HAS BEEN 
REPLACED 

~~~~-=..::-==::_~-~ 



-38-

isolation regions and optionally gate 

regions. 

8. The method of Claim l wherein said 

semiconductor material includes shallow 

trench oxide isolation regions. 

9. The method of Claim 1 wherein step (a) is 

carried out at an energy of from about 200 to 

about 2000 keV. 

10. The method of Claim 9 wherein step (a) is 

carried out at an energy of from about 500 to 

about 1000 keV. 

11. The method ·of ~laim 1 wherein step (a) is 

carried out at a temperature of from about 

-200° to about 23°C. 

12. The method of Claim 1 wherein step (a) is 

carried out using a dosage of said first ion 

of from about lxl013 /crn2 to about lxl016 /cm2
• 

13. The ~ethod of Claim 12 wherein step (a) is 

carried out using a dosage of said first ion 

of from about lxl014 /cm2 to about lx10 15/cm2. 
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14. The method of Claim 1 wherein said first .ion 

. is implanted to a depth of about 0.2 to about· 

2.0 µ:m. 

15. The method ·of Claim 14 wherein said £irst ion 

is implanted to a depth of about 0.5 to about 

l. 0 µm_. 

16. The method of Claim 7 wherein said oxide 

region is removed prior to conducting step 

(b) • 

17. The method. of Claim 1 wherein. said dopant ion 

is boron, arsenic, phosphorous or antimony. 

18. The method of Claim 1 wherein step (b) is 

carried out at an energy of from about 100 ev 

to about 5 keV. 

19. The method of Claim 18 wherein step (b) is 

carried out at an energy of from about 200 ev 

to about 2 keV. 

20. The method of Claim 1 wherein step (b) is · 

carried out at a temperature of from about 

-200° to about 23°C. 
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21. The method of Claim 1 wherein said dopant ion 

is implanted to a depth of from about SO to 

about SOO A. 

22. The method of Claim 21 wherein said dopant 

ion is implanted to a depth of from about SO 

to about '250 A. 

23. The method of Claim 1 wherein prior to 

conducting step (b) a second ion is implanted 

using a third irradiation energy that.is 

effective to render the semiconductor 

material substantially amorphous. 

24. The method of Claim 23 wherein said second 

ion is a heavy ion selected from the group 

consisting of Si, Ge and fluorine. 

25. The method of Claim 1 wherein step (c) is a 

rapid thermal anneal conducting in an inert 

gas atmosphere . 

. 26. The method of Claim 25 wherein said rapid 

thermal anneal comprises: 

(i) heating said semiconductor material from 

room temperature to a temperature of 
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·from a,bout a·so 0 to about 1100°C· at a 

rate of from about ·S0°·to about 

1000°c/secs, 

(ii) maintaining said temperature for a time 

period of from about 1 millisecond to 

about 5 seconds, and 

(iii)cooling said heated semiconductor 

mate~ial to room temperature at a · 

cooling rate of from about 50° to about 

" 1000°c/secs. 

The method of Claim 26 wherein step (i} is 

conducted at a temperature o.f from about 950° · 

to about 1oso 0 c at a rate of from about. 50° 

to about 500°C/secs; step {ii} is conducted 

for about 10 ·milliseconds to about. 1 sec; and 

step (iii) is conducted using a cooling rate 

of from about 50° to about 500°C/secs. 

A structure having an abrupt p-n junction,· 

said structure comprising a shallow implant 

region defined by dopant material of a first 

conductivity type formed in a surface of a 

semiconductor substrate of a second 

conductivity type, said substrate comprising 
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a region.of coalesced high concentrations of 

interstitial ions of said semiconductor 

substrate disposed substantially at a first 

depth, said shallow implant region ·.having a 

-second depth less .than said first depth 

wherein the concentration of said dopant 

material at a boundary junction o"f said 

shall~w impl°ant region with said block 

c~anges· by a factor of 10 within a dis.tance 

of less than 60 A measured at; and 

perpendicular.to, said boundary. 

29. The structure of in Claim 28, wherein said 

second depth is less than 500 A. 

30. The structure of Claim 28, wherein the change 

of concentration of said dopant material at 

the boundary junction is measured at a dopant 

concentration of lxl018/cm2
• 

The structure of Claim 28, wherein said fi.rst 

depth is· about 10,000 A. 

A field effect transistor comprising a 

microelectronic device comprising a source 

region and a drain region formed in mutually 

spaced adjacency in a surface of a 
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semiconductc;:>r substrate, a p~ir of s.aid 
shallow implant regions being disposed 
between and formed as spaced-apart extensions 
of said source and drain regions to form a 
channel region between the spaced-apart 

.. 
shallow implant regions, and a gate electrode 
overlying said channel region, wherein said 
semiconductor substrate contains-regions of 
9oalesced high concentrations of interstitial 
ions of sa~d semiconductor substrate disposed 
substantially at ·a first depth_. and said 
shallow implant region.having a second depth 
less than said first depth wherein the 
concentration of said dopant material at a 
boundary junction of said shallow implant 
region changes by a factor of 10 within a 
distance of less than 60 A measured at, and 
perpendicular to, said boundary. 

~he field effect transistor of Claim 32, 
wherein the distance between said spaced­
apar~ shallow implant regions is less than 

. about 2500 A. 

The field effect transistor of Claim 32, 
wherein said second depth is less than 500 A. 
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35. The field effect transistor of Claim· 32, 

wherein the change of concentration of said 

dopant material at the boundary junction.is 

measured at a dopant concentration of 

·lxl018 /cm.2 • 

36. The field effect transistor of Claim 32, 

wherein said first depth is about 10,000· A. 
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