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FIELD EFFECT TRANSISTOR STRUCTURE WITH ABRUPT SOURCE/DRAIN
JUNCTIONS

Background of the Invention

Field of the Invention

The invention relates to metal-oxide-semiconductor field effect transistors (MOSFETS)
and more particularly to transistor structures having abrupt junctions, and methods of making

same.

Background

The trend of integrating more functions on a single substrate while operating at ever
higher frequencies has existed in the semiconductor industry for many years. Advances in both
semiconductor process technology and digital system architecture have aided in producing t{'nese
more highly integrated and faster operating integrated circuits.

The desired result of many recent advances in semiconductor process technology has
been to reduée the dimensions of the transistors used to fqrm the individual circuits found on
integrated circuits. There are several well-recognized benefits of reducing the size of transistors.
In the case of MOSFETs, reducing the channel length provides the capability to deliver a given
amount of drive current with a smaller channel width. By reducing the width and length of a
FET, the parasitic gate capacitance, which is a function of the area defined by the width and
length can be reduced, thereby improving circuit performance. Similarly, reducing the size of
transistors is beneficial in that less area is consumed for a given circuit, and this allows more
circuits in a given area, or a smaller, less costly chip, or both.

It has also been well known that MOSFETs can not simply be scaled down linearly. That
is, as the width and length attributes of a MOSFET are reduced, other parts of the transistor, such
as the gate dielectric and the junctions must also be scaled so as to achieve the desired electrical
characteristics. Undesirable electrical characteristics in MOSFETSs due to improper scaling
include coupling of the electric field into the channel region and increased subthreshold

conduction. These effects are sometimes referred to in this field as short channel effects.
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A number of methods have been developed to 'fonn'eVer more shallow source/drain
junctions for MOSFETSs in order to achieve prbper séaling. Unfortunately, these very shallow
junctions create source/drain extensions that have increased r‘esfstivity as compared with deeper
source/drain junctions. In longer channel length MOSFETSs with deeper source/drain junctions,
the sthce/drain extension resistivity was negligible compared to the on-resistance of the -
MOSFET itself. However, as MOSFET channel lengths decrease into the deep sub-micron
region, the increased source/drain extension resistiVity becomes a significant performance
limitation.

What is needed is a field effect transistor structure having very short channel length and
low source/drain extension resistivity, yet-operable to produce high drive currents without
suffering from the short channel effects th.at produce significant levels of off-state current. ‘What

is further needed is a method of manufacturing such a structure.

| Summary of the Invention
Briefly, a MOSFET étructure includes highly. conductive source/drain extensions of a
first conductivity type, and super abrupt junctions with a semiconductor body of a second
conductivity type. _
.' In. a further __aspect of the inve_ntibn, a process for forming a MOSFET includes removing
portions-of the substfate to fém recesses that are adjacent and partially subjacent a FET gate

structure, and back filling the recesses with an epitaxial process.

Brief Description of the Drawings
Fig. 1 is a schematic cross-section of a wafer in process showing a substrate with a gate
dielectric fdrmed thereon, and a paftemed gate electrode over the gate dielectric and a spacer
layér formed over the surface of the wafer. . _ _
Fig. 2 is a schematic cross-section showing the structure of Fig. 1, after an anisotropic
etch of the spacer layer forms thin sidewall spacers, and the gate dielectric not covered by the

gate electrode or sidewall spacers is removed.
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Fig. 3 is a schematic cross-section showing the structure of Fig. 2, after an isotropic etch
removes portions of the substrate, to form recesses therein, and further showing a portion of the
gate electrode etched away.

Fig. 4 is a schematic cross-section showing the structure of Fig. 3, after the recesses have
been back-filled and the gate electrode thickness built up.

Fig. 5 is a schematic cross-section showing the structure of Fig. 4, after a salicidation
operation. _

Fig. 6 is a schematic cross-section showing the structure of Fig. 3, after an alternative
process flow in which the back-filling of the recesses includes forming a layer of a first
conductivity type followed by formation of a layer of a second conductivity type.

Fig. 7 is a flow diagram illustrating the various operations in a manufacturing process in

accordance with the present invention.

Detailed Description

Overview

Conventional source/drain junction formation is accomplished by an ion implantation
operation that is self-aligned to the gate electrode, or alternatively, aligned to sidewall spacers
that are adjacent to the gate electrode. Reasonable transistor performance has been achieved in
this way for many generations of semiconductor process technology. However, as transistor
scaling has brought FET channel lengths down into the deep sub-micron region, the changes to
source/drain junction depth and doﬁing concentration required to achieve desirable electrical
performance of FETSs have increased the parasitic resistance associated with the FET
source/drain terminals to the point where this parasitic resistance is significant compared to the
on-resistance of the FET. In this field, the parasitic resistance is sometimes referred to as
external resistance. More particularly, simultaneously obtaining the very shallow junction depth,
high source-drain extension doping concentration, and abrupt change in doping profile between
the body and source/drain junctions, all required for desirable electrical performance in deep

submicron FETs has become extremely difficult to achieve with conventional processes.
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An illustrative embodiment' of the present invention pré\;ides a FET with highly
conductive source/drain exteﬂs_ions and abrupt junctions. Methods of forming the FET structure
of the present invention include isotropically etching the substrate adjacent to, and partially
underneath, the gate dielectric 1ayer.of a FET, and selectively depositing bilayers of in-situ doped

material of a first conductivity type, and a second conductivity type.

FETs embodying the presént invention include back-filled source and drain terminals. In
this way, the doping concentration of the source/drain terminals can be controlled by contfo]ling
the gas mixture, temperature, and pressure, in a reaction chamber. With the precise éohtro] of
doping concentration of the material bemg deposited, the etmbodiments of the present invention
include microelectronic devices havmg very abrupt Junctlons Funhermore particular
embodiments of the present invention may eliminate high-energy ion implantation of the
sourcé/drain junctions. Formation of the source/drain junct'i'd'n's in this way also provides
increased mai'gin for the process thermal budget, since a high temperature operation is not
required to activate the dopants, or to thermally in-diffuse the dopants into the tip portion of the

source/drain terminals.

Terminology

The terms, chip, integrated circuit, monolithic device, semiconductor device, and
microelectronic device, are often used interchangeably in this field. The prcsent invention is

applicable to all the above as they are generally understood in the fleld

The terms metal lme, trace, w1re conductor s1gnal path and s1gnalmg medium are all
related. The related terms listed above, are generally_mtcrchangeable, and appear in order from
speciﬁc to general. In this field, metal lines are sometimgs referred to as traces, wires, lines,
interconriect or simply métal. Metai ﬁnes, generally aluminum (Al), copper (Cu) or an alloy of
Al and Cu, are conductors that providc signal paths for coupling oir interconnecting, electrical
circuitry. Conductors other than metal ﬁfe available in microelec_t_i'onic devices. Materials such

as doped polysilicon, doped siﬁgle—crystal silicon (often referred to simply as diffusion,
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regardless of whether such doping is achieved by thermal diffusion or ion implantation), titanium

(Ti), molybdenum (Mo), cobalt (Co), nickel (Ni) and tungsten (W) and refractory metal silicides

are examples of other conductors.

The terms contact and via, both refer to structures for electrical connection of conductors
from different interconnect levels. These terms are sometimes used in the art to describe both an
opening in an insulator in which the structure will be completed, and the completed structure

itself. For purposes of this disclosure contact and via refer to the completed structure.
Epitaxial layer refers to a layer of single crystal semiconductor material.

The term “gate” is context sensitive and can be used in two ways when describing
integrated circuits. As used herein, gate refers to the insulated gate terminal of a three terminal
FET when used in the context of transistor circuit configuration, and refers to a circuit for
realizing an arbitrary logical function when used in the context of a logic gate. A FET can be

viewed as a four terminal device when the semiconductor body is considered.

Polycrystalline silicon is a nonporous form of silicon made up of randomly oriented
crystallites or domains. Polycrystalline silicon is often formed by chemical vapor deposition
from a silicon source gas or other methods and has a structure that contains large-angle grain
boundaries, twin boundaries, of both. Polycrystalline silicon is often referred to in this field as

polysilicon, or sometimes more simply as poly.

Source/drain terminals refer to the terminals of a FET, between which conduction occurs
under the influence of an electric field, subsequent to the inversion of the semiconductor surface
~ under the influence of an electric field resulting from a voltage applied to the gate terminal.
Source/drain terminals are typically formed in a semiconductor substrate and have a conductivity
type (i.e., p-type or n-type) that is the opposite of the conductivity type of the substrate.
Sometimes, source/drain terminals are referred to as junctions. Generally, the source and drain
terminals are fabricated such that they are geometrically symmetrical. Source/drain terminals
may include extensions, sometimes referred to as tips, which are shallower than other portions of

the source/drain terminals. The tips typically extend toward the channel region of a2 FET, from
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the main portion of the source/drain terminal. With 'g'éome't'rically symmetrical source and drain
terminals it is common to simply refer to these terminals as source/drain tertxiinals, and this
nomenclature is used herein. Designers often designate a particular source/drain terminal to be a
“source” or a “drain” on the basis of the voltage to be applied to that terminal when the FET is

operated in a circuit.

Substrate, as used herein, refers to the physical object that is the basic workpiece that is
transformed by various process operations into the desired microelectronic configuration. A
substrate may also be referred to as a wafer. Wafers, may be made of semiconducting, non-

semiconducting, or combinations of semiconducting and non-semiconducting materials.

The term vertical, as used herein, means substantially perpendicular to the surface of a

substrate.

- Referring to Figs. 126, an illustrative embodiment of the present invention is described.
As shown in Fig. 1, a wafer is processed in known ways to form a thin film layer over a patterned
gate electrode and over a gate dielectric layer that has been 'disposed on the top surface of the
wafer. More particularly, as shown in Fig. 1, a substrate 102 has a gate dielectric layer 104
disposed over the surface thereof, and a patterned gate electrode 106 is formed over gate
dielectric layer 104. In the illustrative embodiment, substrate 102 is a silicon wafer, gate _
dielectric layer' 104 is a silicon dioxide layer, and gate electrode 106 is formed from polysilicon.
Although gate dielectric layer 104 is typically a.thi_n_la.ycr of oxidized silicon, the thickness and

chemical make-up of the gate insulator layer may be varied within the scope of the invention.

Those skilled in the art and having the benefit of this disclosure will recognize that
although field oxide regions are not shown in the Figures, the operations and structures shown
and described herein, are compatible with various field oxide isolation architectures. Examples
of field oxide isolation architectures include shallow trench isolation regions in a surface of a
substrate, and the older local oxidation of silicon, which formed non-planarized oxide isolation

regions.
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A thin film layer 108 is deposited over the surface of gaté electrode 106 and the portions
of gate dielectric layer 104 not already covered by gate electrode 106. Thin film layer 108 may
also be referred to as a spacer layer because spacers adjacent to the side walls of gate electrode
106 are formed from layer 108 in subsequent processing operations. It is preferable for spacer
layer 108 to have etch characteristics that are different from the etch characteristics of substrate
102 and gate electrode 106. The material for spacer layer 108 could be any dielectric material
including, but not limited to, nitride, oxynitride, and oxide. In the illustrative embodiment,
subsequent to the polysilicon etch that forms gate electrode 106, a thin layer of silicon nitride is
deposited over the surface of the substrate to form spacer layer 108. In one embodiment, the
silicon nitride layer is approximately 20 nm thick, and is formed in a vertical diffusion furnace.
However, the thickness of the nitride layer is not a limitation of the invention and it may be made
any practical thickness, for example, in a range of from 2 nm to 50 nm thick. This nitride layer
will be used to provide the needed selectivity during a subsequent epitaxial backfill operation.
Similarly, the spacer layer may be formed of another material such as, for example, silicon
dioxide. Silicon dioxide has a dielectric constant that is lower than the dielectric constant of

silicon nitride, and this is advantageous in terms of lowering parasitic capacitance between the

gate electrode and other nearby circuit nodes.

Referring to Fig. 2, spacer layer 108 is etched anisotropically using, for example,
conventional dry etch chemistries for silicon nitﬁde. Subsequent to this etch operation, no
significant amount of residual silicon nitride remains in the source/drain regions. In the
illustrative embodiment, this anisotropic etch operation leaves a nitride layer approximately
150nm thick (when measured along a vertical axis) along the sidewalls of polysilicon gate
electrode 106. Typically, the vertical height (i.e., thickness) of this layer is approximately equal
to the thickness of gate electrode 106. These post-etch nitride structures are referred to as
spacers. As can be seen in Figs. 1-2, that portion of silicon nitride spacer layer 108 that is

superjacent to the top surface of gate electrode 106 is removed by the spacer layer etch operation.

Referring to Fig. 3, a plurality of recesses in substrate 102 are produced by using an

isotropic dry etch process in a parallel plate RF plasma etching system. A mixture of sulfur
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hexafluoride (SF,) and helium (He), at process conditions that favor isotropy are employed.

Such conditions include high -preSSure-and low RF power density. In one embodiment of the
present invention, a process pressure of approximately 900 mT, a gap of 1.1 cm, an RF power of
100 W, a He flow of 150 sccm, and a SF, flow of 100 sccm is used. RF power may be varied in
a range, for example, of 50 W to 200 W, and the process pressure may be varied but should be
greater than approximately 500 mT. This etch process is highly selective and is characterized by
a silicon etch rate that is much greater than the etch rate of the silicon dioxide that forms gate
dielectric layer 104. Similarly, the etch rate of silicon substrate 102 is much greater than the etch
rate of the silicon nitride that forms sidewall spacers 108. The electrical.characteristics of gate
dielectric layer 104 are not adversely affected by the etch process that forms the recesses in

substrate 102.

As can be seen in Fig. 3, the recesses include a port'ion that underlies gate diélectric layer
104. In the illustrative embodiment, substrate 102 is etched isotropically such that the lateral
etch creates a recessed area that reaches underneath not dhly the spacer but also partially

underneath a region defined by overlymg gate electrode 106.

Note that, since silicon mtrlde spacer layer 108 was removed from the top surface of
polysilicon gate electrode 106, the etch that forms the recess also etches the top surface of

polysilicon gate electrode 106, thereby reducmg its helght as shown in Flg 3.

Those skilled in the art and havmg the beneflt of thls dlsclosure wxll rccogmze that the
operations and structures dnsclosed above are apphcable to.the formation of both n-channel FETs
(NFETs) and p-cha'nnél .FETs (PFETs). PFETs and NFETs are structurally similar, however the
relative placement of p-type and ti;type dopants is different. Th:ét_is, a PFET includes p-type
source/drain terminals in an n-type body, and an NFET includes n-type source/drain terminals in

a p-type body.

The illustrative embodiment is described in terms of the formation of a PFET. It should
be recognized that the present invention applies to the structure and manufacture of NFETs as

well. Referring now to Fig. 4, an epitaxial film of boron ddpad Si 110 is formed ﬁs__ing SiH,Cl,
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based chemistry such that the deposition is highly selective to nitride spacer 108, i.e., the film of
boron doped Si 110 does not form on, nor adhere to, silicon nitride spacer 108. However, the
recesses are substantially filled by this deposition operation. The recess may be completely filled
by this operation. No ex-situ cleaning operations are performed. This is because an external wet
clean would tend to damage thin gate dielectric layer 104. In an alternative embodiment, boron
doped SiGe may be used in place of boron doped Si to forrﬁ the film that fills the recess.
Typically, epitaxiél film 110 is deposited such that its top surface is above the plane of the
original surface of substrate 102. This can be seen in Fig. 4 by comparing the relative positions
of gate dielectric layer 104, which was formed on the origihal surface of substrate 102, with the
top' surface of Si layer 110. Asis further shown in Fi g. 4, an epitaxial film of boron doped Si
110 is also formed on top of gate electrode 106. In this way the thickness of polysilicon gate

electrode 106 is increased from its post-etch dimensions.

Still referring to Fig. 4, boron doped Si film 110 is formed by a selective deposition. A
selective deposition of silicon, or a silicon alloy such as silicon germanium, forms silicon, or the
silicon alloy, on the exposed silicon surfaces. For example, a selective deposition of boron
doped silicon creates Si film 110 on the exposed surfaces of silicon substrate 102, and
polysilicoh gate electrode 106. A silicon film can be selectively deposited by heating the wafer
to a temperature of approximately 600 °C to 900 °C, providing a deposition gas comprising
dichlorosilane (SiH,Cl,), and hydrogen (H,). More particularly, an n-type silicon can be
selectively deposited at a temperature of approximately 750°C, with approximately 10 slm H,,
approximately 30 sccm HCI, approximately 100 sccm SiH,Cl,, and approximately 180 sccm PH,,
at approximately atmospheric pressure. Such process conditions can deposit a layer
approximately 50 nm thick in approximately 6 minutes. A p-type silicon can be selectively
deposited at a temperature of approximately 800°C, with approximately 20 slm H,,
approximately 70 sccm HCI, approximately 120 sccm SiH,Cl,, and approximately 75 sccm B H,.

Such process conditions can deposit a layer approximately 50 nm thick in approximately 155
seconds.
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" A silicon germanium alloy' can be 'selectivcly dcposited by heétidg the wafe'r toa
temperature between approximately 700 °C and 750 °C, prov:dmg a depos:tlon gas mix
comprising dichlorosilane at a rate of between approxlmatcly 10to 100 scem, 1% hydrogen
diluted germane (GeH,) at a rate of between approximately 10 to 200 sccm, and hydrogen at a
rate of approximately 20 sim into a CVD chamber mamtamed ata pressurc between
approximately 50 to 760 torr. A dopant gas such as diborane, phosphme, or arsme can be

included in the process gas mix if a ‘doped silicon or silicon allqy film is desu'ed.

A highly doped (>5x10” atoms/crn’) n-type silicon germanium epitaxial film can be
selectively deposited onto Sl]lCOl’l surfaces by thermal chemical vapor deposmon utilizinga
deposition gas mix comprising approxlmately 10 to 200 sccm GeH,,, approxnmately 10 to 100
sccm dichlorosilane, 10 to 40 slm H,, 1 to 200 sccm PH,, and 15 scem HCI, while maintaining
the substrate at a temperature between 700°C and 750 °C and rhaintaining a deposition pressure
of approximately 165 torr during film deposition. Such a process will form a substantially
uniformly doped n-type silicon germanium epitaxial film. Similarly, a p-type silicon germanium
alloy can be formed by decomposition of approximately 20 sccm of dichlorosilane,
approximately 80 sccm germane, approximately 20 slm I-I2 and a p-type dopant source, such as
approximately 1 -200 sccm of . B,H, at a temperature of épprbximafe] y 740°C. In order to
increase the selectivity of the deposition process, approximatéiy 10 sccm of HCI can i)e added to
the gas mix. Such process conditions can deposit a layer apprdiciniately 50 nm thick in

approximately 75 seconds.

Those skilled in fhe art and having the benefit of this disclosure, will recognize that, the
deposition operation is such that selectivity to oxide in field oxide regions, or shallow trench

isolation regions is also achieved.

Fig. 5 shows the FET structure of Fig. 4 after further processing operations are
performed. Conventional processing may be used to form additional sidewall spacers 112 that
are disposed along opposing sidewall spacers 108. Furthermore, conventional processing may be

used to form salicided regions 114 over the top surfaces of doped Si regions 110, that is, the
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source/drain extelision regions and polysilicon gate electrode 106. It should be noted that the
structure of the present invention is advantageous in the formation of salicided source/drain
extensions. For example, when a metal such as nickel, which diffuses in silicon relatively easily,
is used to form a nickel salicide layer, lateral diffusion of nickel atoms is stopped by nitride side
wall spaéers 108 and the nickel atoms therefore do not penetrate into the channel region where
they would otherwise adversely affect the electrical characteristics of the MOSFET. It can be
seen in Fig. 4, that thel thickness of Si 110 and the depth of salicide layer 114 can be varied with
the scope of the invention and still benefit from the structure’s metal atom diffusion barrier

characteristics.

Referring to Fig. 6, in a further alternative embodiment of the present invention, a layer
of phosphorous doped Si 111 is epitaxially formed, prior to an in-situ epitaxial formation of
boron doped Si 110. Those skilled in the art and having the benefit of this disclosure will

appreciate that other n-type dopants may be used in place of phosphorous. Arsenic is an example

of an alternative n-type dopant.

Since the doping concentration of the single crystal epitaxial layer is a function of the gas
mixture, temperature, and pressure, in an epitaxial reaction chamber, it is possible to first form a
highly doped Si layer (or Si, Ge , x=0 to 0.3) 111 of a first conductivity type (e.g., n-type by
doping with phosphorous). Then without exposing the wafer to the atmosphere, changing the
gas mixture, temperature, and pressure, such that a highly doped Si layer 110 of a second
conductivity type (e.g., p-type by doping with boron) is formed immediately superjacent Si layer
111. In this way, the recesses in substrate 102 are filled with a bi-layer of single crystal silicon

(or Si, ,Ge,, x=0 to 0.3) having a very abrupt junction.

Desirable electrical characteristics may be obtained in this way by having a relatively
lightly doped substrate 102 of a first conductivity type, highly doped source/drain terminals 110
of a second conductivity type, and a highly doped region 111 of the first conductivity type
disposed between source/drain terminals 110 and lightly doped substrate 102. Due to the nature

of the selective deposition process (described above), highly doped regions 110, 111, are not
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only highly doped in the source/drain extension regions, but also in the tip-to-gate overlap
region. The term tip, is generally used to refer to that portion of the source/drain junction that is

subjacent to the gate and adjacent to the channel portion of a FET.. -

In conjunction with Fig. 7, the operations of fzibricétihg:é FET on a wafer in accofdance
with an illustrative embodiment of the present 'inV'ent_ibn-a're described. An opération (block 202)
is performed wherein a spacer layer is formed over a i)attcrned géte é]éctr_ode. In an illustrative
embodiment of the present invention, the gate e]ectfodé is comprised of polysilicon that has
previously been deposited over a gate dielectric layer. “The géte dielectric is typically oxidized
silicon. In the illustrative embodiment having an oxide gate dielectric and a polysilicon gaté
electrode, the spacer layer is typically silicon nitride. Those skilled in the art and having the
benefit of this disclosure will recognize that the invention is not limited to the combination of an
oxide dielectric and polysilicon gate electrode. By way of example and not limitation, the gate
dielectric layer may consist of an oxide layer and .a nitride layer in combination. ‘Similarly, by
way of example and not limitation, the gate electrodé may be fdrmed from a metal rather than

polysilicon.

After the spacer layer has been formed, it is subjected to.an anisotropic etch (block 204)
in which sidewall spacers are formed. During the anisotropic etch, portions of the spacer layer
that are superjacerit the top surface the gate electrode and the top surface of the wafer are
removed. The remaining portion of the spacer layer disposed along the opposing vertical

sidewalls of the gate electrode.

" Recesses are formed in the wafer (block 206) at Idcatibns where the source/drain
terminals of the FET will be located. The recesées are formed by the isotropic etch of the wafer.
As is understood in this field, an isotropic etch operation will remove material from the wafer
surface both vertically and laterally. The etch chemistry and condi_tio‘ns are preferably chosen
such that the etch is highly selective and preferentially etches the wafer rather than the side wall

spacers or the gate dielectric layer. In the illustrative embodiment, wherein the wafer is silicon,
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the gate dielectric is an oxide of Silicon, the gate electrode is polysiiicon and the side wall spacers

are silicon nitride, a plasma etch with sulfur hexafluoride (SF) and helium (He) is used.

After the recesses are formed, the wafer is typically placed in an epitaxial reactor and a
first layer of doped crystalline material is formed (block 208). The crystalline material may be,
for example, p-type silicon, p-type silicon germanium, n-type silicon, or n-type silicon
germanium. Typically, the conductivity type of the first layer matches the conductivity type of
that portion of the wafer where the FET is being fabricated. Those skilled in the art will
recognize that various portions of the wafer may be doped and/or counterdoped so as to form
wells within which FETs may Be formed. For example, n-channel FETs (NFETs) are formed

within a:p-type region of the wafer, whereas p-channel FETs (PFETs) are formed within an n-

type region of the wafer.

After the first layer is formed, a second layer of doped crystalline material is formed
(block 210). The second layer is typically formed without exposing the first layer to the
atmosphere. That is, the second layer and first layer are formed in a continuous in-situ operation,
in the same reaction chamber simply by changing the gas mixture, temperature, and pressure in
the epitaxial reactor. The crystalline material may be, for example, p-type silicon, p-type silicon
germanium, n-type silicon, or n-type silicon germanium. Typically, the conductivity type of the

second lay_er is chosen to be opposite that of the first layer. In this way, extremely abrupt

junctions can be obtained.

For example, a gate structure of a PFET is formed in a region of a n-type portion of a

silicon wafer, and after the source/drain recesses are formed, a first layer of n-doped (e.g.,
phosphorous) silicon germanium is formed in the recesses, and then a second layer of p-doped
(e.g., boron) silicon germanium is formed over the first layer. Both the first and second layers
have doping concentrations that are substantially higher than the doping concentration of the n-
type portion of the silicon wafer, which forms tﬁe body terminal of the PFET. More particularly,

the first and second layer are substantially free of éounterdopants, whereas the n-type region of
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the wafer typically contains both n-type and p-type dopants. A gate structure may be a gate

electrode or a gate electrode and adjacent side wall spacers.

A salicidation operation is typlcally perfonned to further reduce the sheet resistivity of
the source/drain terminals and gate electrode.

Conclusion

Embodiments-of the present invention provide a field effect transistor structure having
very short channel length and low source/drain extension resistivity, yet operable to produce high
drive currents without suffering from the short channel effects that produce significant levels of
off-state current. Further embodiments of the present invention provide methods of
manufacturing such a structure.

An advantage of particular embodiments of the present invention is that source/drain
terminals can be formed without annealing.- By eliminating the high temperature step
conventionally required to activate the dopants, thermal diffusion is avoided and the very abrupt
junctions are maintained. _ _ '

An advantage of partxcular embodlments of the present invention is that the raised
junctions formed by back filling, in conjunction with the side wall spacers disposed along
oppdsing vertical walts of the _géte_elet:trode, substantially prevent lateral diffusion of metal
atoms in the transistor chatmel region during the salicidation operation.

An advantage of particular embodiments of the present invention is placement of active
dopants directly in the tip portion of the source/dram termlnals | _ | _

An advantage of partlcular embodlments of the present mvennon is that a very precise
doping profile is achieved. _ | _ |

An advantage of particu]ar.embodiménts of the present invention is that very shallow,
highly doped source/drain tenﬁihals can be formed vtithout ion implantation of the tip poftion .
In some cases, even a deep sourceldrmn 1mplant typxcally used to form portions of source/dram

terminals that lie further from the channel regmn may be eliminated.



WO 00/30169 -' S PCT/US99/26224
15

It will be understood b}'t"hose skilled in the art having the benefit of this disclosure that
| many design choices are possible within the scope of the present invention. For example,

structural parameters, including but not limited to, gate insulator thickness, gate insulator
materials, gate electrode thickness, sidewall spacer material, inter-layer dielectric material,
isolation trench depth, and S/D and well doping concentrations may all be varied from that
shown or described in connection with the illustrative embodiments. Similarly, the operation of
forming recesses and back filling with doped crystalline material may be repeated to tailor the
shape and doping profile of the source/drain terminals.

It will be understood that various other changes in the details, materials, and
arrangements of the parts and steps which have been described and illustrated may be made by
those skilled in the art having the benefit of this disclosure without departing from the principles

and scope of the invention as expressed in the subjoined Claims.
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What is claimed is:

1. A microelectronic structure, bﬁmprisi_rig:

-a.substrat_e having a top surface that defines a first plane;

a dielectric disposed superjacent the top surface of the substrate;

a gate electrode'disposéd superjacent the diel_ecfric, the gate electrode haﬁhg first side
wall spacers disposed .al_on_g opposing vertical walls thel;e;)f; ,

a source terminal and a drain terminal each disposed, each substantially adjacent one of
the first side wall spacers, partially within _t.hé'substratc and partially above the substrate, the
source and drain terminals further having a poftion that extends laterally so és to be subjacent at
least a portion qf the side wall spacers;

wherein the source and drain terminals have top surfaces that define a second plane, the
second plane being above the first plane, and the source and drain terminals comprise a doped

crystalline semiconductor.
2. The structure of Claim 1, further comprising:
a body, disposed within the substrate, having a first portion and a second portion;
wherein the first portion is of a first conductivity type and a first doping profile, the
second portion is of the first conductivity type and a second doping profile, and a transition
between the first doping profile and the second doping profile is abrupt.
3. The structure of Claim 2, wherein the first portion includes counterdopants and the

second portion is substantially free of counterdopants.
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12.  The method of Claim 11; further comprising, prior to seléctiﬂve]y forming the layer of the
first mater'ial, selectively forming a layer of a second material having the first conductivity type
over the surface of the recess.

13.  The method of Claim 12, wherein the substrate comprises silicon doped to have the first
conductivity type; the first material comprises doped silicon, and the second material comprises
doped silicon.

14. The method of Claim 12, wherein the substrate comprises silicon doped to have the first
conductivity type; the first material comprises doped silicon germanium, and the second material
compﬁses doped silicon germanium.

15.  The method of Claim 14, wherein the second material has a thickness that is less than a
thickness of the first material.
16.  The method of Claim 15, wherein the first material has a top surface that is above a plane
‘defined by the surface of the substrate. -~~~

17. The method of Claim 1 i, wherein the patterned structure comprises a dielectric layer and
a conductive material disposed over the dielectric layer.

18.  The method of Claim 11, wherein etching passivates the surface of the recess.

19.  The method of Claim 11, wherein etching comprises exposing the substrate to SF, and He
in an RF plasma etching system.

20. . The method of Claim 11, wherein forming the first material comprises epitaxially

depositing a layer of crystalline material.
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4, 'The structure of Claim 1, wherein the gate electrode comprises polysilicon disposed over
the gate diélgctric; and cry.stalli_n;e silicon of a first conductivity type disposed over the
polysilicon.

5. The structure of Claim 4, wherein the gate electrode further comprises a crystalline
silicon of a second conductivity type.

6. The structure of Claim 1, further comprising second side wall spacers adjacent the first -
side wall spacers; and metal salicide disposed in an upper portion of the gate electrode and an

upper portion of the source/drain terminals. -

7. The structure of Claim 6, wherein the source/drain terminals compﬁsc p-type silicon.
8.  The structure of Claim 6, wherein the source/drain terminals comprise n-type silicon.
9. The structure of Claim 6, wherein the source/drain terminals compﬁse p-type silicon
germanium.

10.  The structure of Claim 6, wherein the source/drain terminals comprise n-type silicon
germanium. | |
11. A method of making a junction, comprising:
a) forming a patterned structure on a surface of a substrate, the substrate being of a first
conductivity type;
b) isotropica]ly_ etching the substrate such that a recess in the substrate is formed, the
recess including a portion that underlies the patterned structure, the recess having a surface; and
c) selectively forming a layer of a first material having a second conductivity type in the -

recess.
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21.  The method of Claim li,z'.\"Vherein forming the first materiai éomprises epitaxially
depositiné a layer of crystalline material; and forming the second material comprises epitaxially
depositing a layer of crystalline material; wherein the substrate remains unexposed to the
atmosphere subsequent to forming the first material and pr'gor to forming the second material.
22. A method of making a transistor, comprising:

forming a dielectric on a first surface of a wafer;

forming a conductive layer overlying the dielectric;

patterning the conductive layer and dielectric so as to form a gate structure;

forming recesses adjacent and partially subjacent the gate structure; and

in a continuous operation, back filling the recesses with doped crystalline material;

wherein back filling comprises forming crystalline material of at least a first conductivity
type.
23.  The method of Claim 22, wherein the crystalline material of the first conductivity type'is
selected from the group consi_st%ng of p-type silicon, p-type silicon germanium, n-type silicon,
and n-type silicon germanium.
24. | ‘The method of Claim 22, wherein back filling further comprises forming crystalline
material of a second conductivity type.
25.  The method of Claim 22, wherein the.crystalline material of the second conductivity type
is selected from the group consisting of p-type silicon, p-type silicon germaniﬁm, n-type silicon,
and n-type silicon germanium.

26.  The method of Claim 25, wherein back filling comprises a selective deposition.

_—
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27. A method of fabricating a FET, comprising:

foﬁning a gate electro_‘d_é having side walls over a gate insulator on a surface of a
semiconductor substrate havin_g__ a first conductivity type;

forming first spacers along the sidewalls of the gate electrode;

forming a recess that extends vertically down into the sub#&ate and extends laterally
through the suﬁstrate so as to underlie éportion of the gate elect_rbde, the recess having'a
substrate surface;

substantially filling the recess with a fist layer of doped crystalline material, the first layer
having a second conductivity. type.
28, Thc method of Claim 27, further comprising depositing the first layer of doped crystalline
material until a vertical distance between a top surface of the first layer and the surface of the
substrate is greater than a vertical distance between a top su,rfacé of the gate insulator and the
surface of the substrate.
29.  The method of Claim 27, further comprising forming a second layer of doped crystailine
material over the substrate surface of the recess, the second layer having the same conductivity
type as the semiconductor substrate, and the second layer having a doping concentration that is
greater than a doping concentration of the semiconductor substrate near the substrate surface of
the recess.
30.  The method of Claim 29, wherein forming a recess comprises placing the substrate in a

parallel plate reaction chamber with a gap of approximately 1.1 cm, an RF power in the range of
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approximately 50 W to 200 W, a iii‘essure greater than approximaiél"y' 500 mT, and plasma

etching wiih suifor hexafluoride and helium.
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