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Intrinsic silicon crystal structure is formed by silicon
covalent bonds. As explained in Chapter 2, intrinsic sil-
icon is a poor conductor. Silicon only becomes useful as
a semiconductor when its structure and conductivity are
altered by adding small amounts of impurities called
dopants. This process is referred to as doping. The dop-
ing of silicon is fundamental to pn junction fabrication
in semiconductor devices. Ion implantation is the pri-
mary method for doping wafers.

Doping is widely used throughout wafer fabrication.
Dopants are precisely and uniformly placed into the de-
vice to alter its electrical performance. Silicon chips
require doping with Group IIIA and Group VA dopants

OBJECTIVES

After studying the material in this chapter, you will be
able to:

1. Explain the purpose and applications for doping in
wafer fabrication.

2. Discuss the principles and process of dopant
diffusion,

3. Provide an overview of ion implantation, including
its advantages and disadvantages.

INTRODUCTION

D oping is the introduction of a dopant into the crystal struct
ify its electronic properties (e.g., electrical resistivity). As ‘
IIA and VA elements are used as dopants in wafer fabrication. For review, Table 17.1

cunrren 1/
[ON IMPLANT

for many different reasons, which will be discussed in
this chapter.

The continual shrinking of chip critical dimensions and
the subsequent increase in chip packing density force
the scaling of all device elements. An example of this is
tke reduction of the polysilicon gate length to obtain a
narrower channel region. A shorter channel length re-
quires shallower junction depths for the source and
drain doped regions. Junction depths are ultrashallow
for chips designed at the 0.18 pm and below technology
nodes. The junction depth requirements decrease to 30
*+ 10 nm for devices with a CD of 0.1 pm.!

4. Discuss the importance of dose and range in ion
implant.

5. List and describe the five major subsystems for an
ion implanter.

6. Explain annealing and channeling in ion
implantation.

7. Describe different applications of ion implantation.

ure of a semiconductor material to mod-
discussed in Chapter 2, certain Group

on page 476

highlights the four principal dopants used in semiconductor manufacturing.

. Dopant species are also referred to as impurities but shou
Naling impurities. Dopants are introduced into the silicon anc
Tety of reasons. For instance, dopants such as boron and phosp
carriers in silicon devices, to form conductive layers in t
(e.g., doping Si0, to form borophosphosilicate glass, or BPS

doped for conductivity.
_Thel'e are two techniques in wafer fabrication
Materials; thermal diffusion and jon implantation.
Tove the dopant through the silicon lattice structure.
g::lure, lon implantation introduces dopants into U
ment. The dopants are implanted into the wafe

1
ovel. In the beginning of semiconductor manufactur

¢ through high-ener, . :
ing, thermal diffusion was the primary

id not be confused with contami-
{ other fabrication materials for a va-
horus are used to form the majority

he watfer, or to alter material properties

G). The polysilicon gate electrode is

for introducing dopant elements to the wafer
Thermal diffusion uses high temperature to
This method is dependent on time .and tem-
he substrate through a high-voltage ion bom-

gy collisions at the atomic

tical dimensions and the correspond-

Ieth, ; et i
i od for doping the wafer. However, due 10 shrinking ¢ e waer atication arc, now dous

in : i
& scaling requirements, nearly all dopant processes 1 mo
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TABLE 17.1 Common Dopants Used in Semiconductor Manufacturing

D
Acceptor Dopant Semicoiidiictor (:;lor Dopant
Group IIIA roup VA
Group IVA
(p-Type) (n-Type)
Atomic Atomic Atom;
Element Element c
Element Number ¢ Number Number
- Boron (B) ,V.;,;.'f.-r-‘f_f o 5 Carbon 6 Nitrogen 7
Aluminum 13 Silicon (Si) 14 _ Phosphorus (P) | 5
Gallium 31 Germanium 32 | Arsenic(As) [ 33—
Indium 49 Tin 50 - Amimony |
LA

Note: Common dopants are shaded.

with ion implantation (see Figure 17.1). Table 17.2 outlines some critical processes commonly
doped with ion implantation versus the limited doping done by diffusion. Figure 17.1 shows these
doped regions on a cross section drawing of a CMOS inverter. Note the dopant type (p or n) and
concentration (— or +) are also shown. The different doped regions labeled A to C are defined ip

Table 17.2.

p-channel Transistor

n-channel Transistor
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FIGURE 17.1 CMOS Structure with Doped Regions

TABLE 17.2* Common Dopant Processes CMOS Fabrication

‘Common Ion : _
Process Step Dopant Implant or Remarks
Species Diffusion '

A. p* Silicon Substrate B Diffusion The rﬁonosilicon crystal is doped during
the crystal growing process.

B. p~ Epitaxial Layer B Diffusion The epitaxial layer is doped by diffusion
during epitaxial silicon growth.

C. Retrograde n-well P Ion Implant Retrograde well has dopant profile .
with peak concentration buried at a certain
depth. The dopant concentration decreases
as it approaches the surface.

D. Retrograde p-well B Ton Implant Retrograde well has dopant profile with
peak concentration buried at a certain
depth.

E. g-Channc] P Ion Implant Phosphorus implanted more laterally than

unchthrough source/drain implants to keep electric field
of drain from punching through p-channel
and reaching source region.
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lon Implant 477

- Common Ion
Process Step DOPQHI Implant or Remarks
Species Diffusion
Fp-Channel Threshold P Ton Implant Implant phosphorus to adjust MOS Vi
Voltage (V;) Adjust threshold voltage.
G. n-Channel B Ton Implant Boron is implanted more laterally than
Punchthrough source/drain implants to keep electric field
of drain from punching through n-channel
and reaching source region.

H. n-Channel V¢ B Ton Implant Implant boron through oxide layer to

Adjust adjust MOS threshold voltage.

/ .
1. n-Channel ylghtly As Ion Implant Low-dose implant of arsenic in region

Doped Drain (LDD) adjacent to the n-channel to improve
electrical performance by reducing the
peak electrical field and therefore hot
carriers, which minimizes interface
charges trapped in the gate oxide.

J. n-Channel As Ior Implant Higher implant dose of arsenic to form

Source/Drain (5/D) n-channel source and drain.

K. p-Channel LDD BF, Ion Implant Low-dose implant of boron in region
adjacent to the p-channel to improve
electrical performance between drain and
channel region.

L. p-Channel S/D BF, Ion Implant Higher implant dose of boron to form
p-channel source and drain,

M. Silicon Si Ion Implant Implant with nondopant atom Lo
amorphize silicon to reduce transient
enhanced diffusion (TED) and channcling
effects.

N. Doped Polysikcon PorB Ton Implant or Doping of polysilicon gate clectrode (o

Diffusion make conductive.
0. Doped SiO, PorB Ton Implant or Doped oxide to obtain material benefits
Diffusion (e.g., create better flow and serve as getter).

*Adapted from E. Rimini, Jon Implantation: Basics to Device Fabrication, (Boston: Kluwer Academic Publishers,
1995).

Ion implantation typically follows photolithography in the general process flow (sce
Figure 17.2 on page 478); although, there may be some processes that call for the use of an etched-
oxide layer to serve as a mask during either diffusion doping or ion implant. In this case, wafers
could flow from etch to diffusion or ion implant. Ion implantation plays a crucial role in chip per-
formance improvement because of the need for smaller dimensions. Transistor performance is in-
creasingly dependent on precise doping profiles in the silicon that are achievable only with ion

implant.

Doped Regions

Recall from Chapter 4 that a wafer is uniformly doped with dopant atoms during the Cﬂm"tﬂ”‘h
process to create a p-type or n-type wafer. The type of dopant depends on the manufacturer”s spes:
ification. During wafer fabrication, dopants are selectively introduced to create the devices on the
individual wafers. The selective introduction of dopants into masked openings on the waler forfn
a doped region where dopants reside within the silicon crystal structuse (e Figure 173 on puge
478). The doped region is characterized by its dopant profile, which determunes the amennt o
dOpamactua]]yaddedinthedopedmgjonasafuncﬁmof&pﬂl

Excelliance Mos Corporation

Ex. 1022
Page 6 of 6





