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1 
Energy Bands and Carrier 
Concentration in Thermal 
Equilibrium 

► 1.1 SEMICONDUCTOR MATERIALS 
► 1.2 BASIC CRYSTAL STRUCTURES 
► 1.3 VALENCE BONDS 
► 1.4 ENERGY BANDS 
► 1.5 INTRINSIC CARRIER CONCENTRATION 
► 1.6 DONORS AND ACCEPTORS 
► SUMMARY 

In this chapter, we consider some basic properties of semiconductors. We begin with a discussion of crystal 
structure, which is the arrangement of atoms in a solid. We then present the concepts of valence bonds and energy 
bands, which relate to conduction in semiconductors. Finally, we discuss the concept of carrier concentration in 
thermal equilibrium. These concepts are used throughout this book. 

Specifically, we cover the following topics: 
• Element and compound semiconductors and their basic properties. 
• The diamond structure and its related crystal planes. 
• The bandgap and its impact on electrical conductivity. 
• The intrinsic carrier concentration and its dependence on temperature. 
• The Fermi level and its dependence on carrier concentration. 

► 1.1 SEMICONDUCTOR MATERIALS 

Solid-state materials can be grouped into three classes- insulators, semiconductors, and conductors. Figure 
I shows the range of electrical conductivities a (and the corresponding resistivities p = I/a)' associated with 
some important materials in each of the three classes. Insulators such as fused quartz and glass have very 
low conductivities, on the order of 10·18- 10·8 Siem; and conductors such as aluminum and silver have high 
conductivities, typically from l 04 to l 06 Slcm.1 Semiconductors have conductivities between those of 

• A list of symbols is given in Appendix A. 
t'fhe international system of units is presented in Appendix B. 
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(111) 

Fig. 6 MiUer indices of some important planes in a cubic crystal. 

. . . 1 § Some other conventions are the following· Figure 6 shows the Miller indices of important planes m a cubic crysta · · 

- . . . ·d f the origin such as (100). 1. (hkl): For a plane that mtercepts the x-axis on the negative s1 e O ' _ 

2. {hkl}: For planes of equivalent symmetry, such as {100} for (100), (010), (OOI), (IOO), 

(010), and (00 I) in cubic symmetry. . . . . 
3. [hkl]: For a crystal direction, such as [100] for the x-axis. By definition, the [100]- direction ts perpendicular 

to (100)-plane, and the [111]-direction is perpendicular to the (111)-plane. __ _ 
4. (hk!): F~r a full set of equivalent directions, such as (100) for [100], [010], [001], [ l ')01, [O 1 OJ, 

and (001]. 

► 1.3 VALENCE BONDS 

As discussed in Section 1.2, each atom in a diamond lattice is surrounded by four nearest neighbors_ Figure 
7a shows the tetrahedron bonqs of a diamond lattice. A simplified two-dimensional bonding diagram for the 
tetrahedron is shown in Fig. 7b. Each atom has four electrons in the outer orbit, and each atom shares these 
valence electrons with its four neighbors. This sharing of electrons is known as covalent bonding; each electron pair 
constitutes a covalent bond. Covalent bonding occurs between atoms of the same element or between atoms of 
different elements that have siroi!ar outer-shell electron configurations. Each electron spends an equal amount of 
time with each nucleus. However, both electrons spend most of their time between the two nuclei. The force of 
attraction for the electrons by both nuclei holds the two atoms together. 

Gallium arsenide crystallizes in a zincblende lattice, whic_h also has tetrahedron bonds_ The major bonding 
force in GaAs is also due to the covalent bond. However, gallium arsenide has a small ionic contribution that is an 
electrostatic attractive force between each Ga+ion and its four neighboring As- ions or between each As- ion and 
its four neighboring ~a+ ions. Electronically, this means that the paired bonding ele~trons spend slightly more rime 
in the As atom than m the Ga atom. 

At low temperat_ures, the ~lectrons are bound in their r~spec_tive tetrahedron lattice; consequently, they are not 
available for conduction. At higher temperatures, thermal vibrations may break the covalent bonds (ionize one 
electron from the bond). When a bond is broken, a free electron results and can participate in current conduction. 

~ In Chapter 5, we ~ow that the ( 100) orientation is preferred for silicon metal-oxide-s . 
field-effect transistors (MOSFETs). enuconductor 
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(a) (b) 

Fig. 7 (a) A tetrahedron bond. (b) Schematic two-dimensional representation of a tetrahedron bond. 

(a) 

nduction 
on 

(b) 
Fig. 8 The basic bond representation of intrinsic silicon. (a) A broken bond at position A, 
resulting in a conduction electron and a hole. (b) A broken bond at position B. 

Figure 8a shows the situation when a valence electron in silicon becomes a free electron. An electron deficienc'y is 
left in the covalent bond. This deficiency may be filled by one of the neighboring electrons, which results in a shift 
of the deficiency location, as from location A to'location Bin Fig. 8b. We may, therefore, consider this deficiency 
as a particle similar to an electron. This fictitious particle is called a hole. It carries a positive charge and moves, 
under the influence of an applied electric field, in the direction opposite to that of an electron. Therefore, both the 
electron and the hole contribute to the total electric current. The concept of a hole is analogous to that of a bubble 
in a liquid: although it is actually the liquid that moves, it is much easier to talk about the motion of the bubble in 
the opposite direction. 

► 1.4 ENERGY BANDS 

1.4.1 Energy Levels of Isolated Atoms 

For an isolated atom, the electrons can have discrete energy levels. For example, the energy levels for an 
isolated hydrogen atom are given by the Bohr model:4 
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► 1.6 DONORS AND ACCEPTORS extrinsic and impurity energy I . d t r becomes _. . eveJ . . . • the sem1con uc O . 1 d ( or substituted) by an arsenic s Wh~n a semiconductor is doped with nnp~~1ues, hat a silicon atom is _rep_ aci r neighboring silicon atoms / toni are mtroduced. Figure 19a shows schematically t lent bonds with its ou b "' ni·zed" to b · he . • ft rms cova . d can e 10 ecome a With five valence electrons. l11e arsemc atom O ·t host arsenic atom an " t d " to th fifth electron bas a relatively small binding energy to I s h t this electron has been dona e . . e conducti_on 
conduction electron at a moderate temperature. We say t a s n-type because of the additton of the negative 

il . become l b t ' band. The arsenic atom is called a donor and the s icon m with three valence e ectrons su s itutes for a 
charge carrier. Similarly, Fig. 19b shows that when a boron ato alent bonds around the bo~on, and a positive! , 
silicon atom an additional electron is "accepted" to form four cov_ nductor and the boron IS an acceptor. y ' • · type serruco , . charged "hole" is created in the valence band. T~1s is a p- fi t periodicity of the lattice; energy levels withi 

The impurity atoms are imperfections and mterrupt thihe~ ~\
0 

say the impurity atoms will introduce an n the band gap that were forbidden are no longer disallowed. a is ' 
energy level or multiple energy levels in the band gap. 

1 . m wi'th the electron effective mass m a 
1 · · • • h d E by rep acmg o 11( We can estrmate the wmzatwn energy for t e on~r D t model Eq. 2: " taking into account the semiconductor permittivity es m the hydrogen a om ' 

(20) 

The ionization energy for donors, measured from the conduction band edge a1:d calcu!at~d f~o~ Eq. 20 is 
0.025 eV for silicon and 0.007 eV for gallium arsenide. The hydrogen atom calculation for : he 10mzat1on level of 
acceptors is similar to that for donors. We consider the unfilled valence band as a filled Ci'-::1d plus a hole in the 
central force field of a negative charged acceptor. The calculated ionization energy, measu··t·<l from the valence 
band edge, is 0.05 eV for both silicon and gallium arsenide. 

This simple hydrogen atom model cannot account for the details of the ionization energy, particularly for the 
deep impurity levels in semiconductors (i.e., with ionization energies :2::3 k1). However, the calculated values do 
predict the correct order of magnitude of the true ionization energies for shallow impurity levels. F igure 20 sho\1 
the measured ionization energies for various impurities in silicon and gallium arsenide.8 Note that it is possible fo r 
a single atom to have many levels; for example, oxygen in silicon has two donor levels and two acceptor levels in 
the forbidden energy gap. 

• 

(a) 

. 
•• J 

I 

+4 
St 

•• 
+3 

H 
+ 

F ig. J 9 Schematic bond pictures for (a) n-type Si with do . (b) 
with acceptor (boron). nor (arsemc) and (b) p-type Si 

• 
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Fig. 20 Measured ionization energies (in eV) for various impurities in Si and GaAs. The levels 

below the gap center are measured from the top of the valence band and are acceptor levels unless 

labeled by D for donor level. The levels above·the gap center are measured from the bottom of the 

conduction band and are donor levels unless indicated by A for acceptor level. 8 

1.6.1 Nondegenerate Semiconductor 
, I 

In our previous discussion, we have assumed that the electron or hole concentration is much lower than the 
effective density of states in the conduction band or the valence band, respectively. In other words, the Fermi level 
EFis at least 3kT above Ev or 3kTbelow Ee In such cases, the semiconductor is referred to as a nondegenerate 
semiconductor. 

For shallow donors inn-type silicon and gallium arsenide, there usually is enough thermal energy to supply 
the energy ED to ionize all donor impurities at room temperature and thus provide the same number of electrons 
in the conduction band. This condition is called complete ionization. Under a complete ionization condition, we 
can write the electron density as 

Ee • 
E-+© 

D 
0 @ 0 0 0 0 0 0 +- Donor 

Ions 

E. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E. 
I 

I 

Acceptor E 
~ e e e e e e e e e ... A 

ions o o o o o o o o o E 

(a) (b) 

.Fig. 21 Schematic energy band representation of extrinsic semiconductors with (a) donor ions 

and (b) acceptor ions. 

V 
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E E 

CB 

VB 

E 
E 

1 - Ee 
- - - f\l; - - - ; - - : -A, - : : : : - E F 

F I 
____ - - - - - - - - -1- - - - - Ev 

I 

I I .__ ______ _ 

o 0.,5 1.0 
F (E) n (E) and p (E) N (E) 

(a) (b) (c) (d) · • d d. m (b) Density of states. (c) Fermi F ig. 22 n-Type semiconductor. (a) Schematic ban iagra · distribution function. (ti) Carrier concentration. Note that np = n/. 

n=N D, (2 I) 
where N Dis the donor concentration. Figure 21a illustrates complete ionization wh~re the donor level £ ~is measured with respect to the bottom of the conduction band and equal concentrations of electrons (which are mobile) and donor ions (which are immobile) are shown. From Eqs. 13 and 21, we obtain the Fermi level in term-, of the effective density of states N cand the donor concentration ND: 

Similarly, for shallow acceptors for p-type semiconductors as shown in Fig. 21 b ir there is complete ionization, the concentration of holes is 

where NA is the acceptor concentration. We can obtain the corresponding Fermi level from Eqs. 14 and 23: 

(22) 

(23) 

From Eq. 22 we can see that the higher the donor concentration, the smaller the energy difference (Ee- Ef ): that is, the Fermi level will move closer to the bottom of the conduction band. Similarly, for higher acceptor concentration, the Fermi level will move closer to the top of the valence band. Figure 22 illustrates the procedur.: for obtaining the carrier concentrations for an n-type semiconductor. This figure is similar to that shown in Fig. 17. However, the Fermi level is closer to the bottom of the conduction band, and the electron concentration (upr shaded area) is much larger than the hole concentration (lower shaded area). It is useful to express electron and hole densities in terms of the intrinsic carrier concentration n . and the intrinsic Fermi level E; since E; is frequently used as a reference level when discussing extrinsic semic~nductors. From Eq.13 we obtain 

n = N e exp[-(Ec -EF) I kT], 

= N c exp[-(Ec - E;) I kT]exp[(EF - E;) / kT], 

or 
(25) 
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and similarly, 

p = n; exp[(E; -EF) / kT]. (26) 

Note that the product of 11 and p from Eqs. 25 and 26 is n.2• This result is identical to that for the intrinsic case, 

Eq. 17. Equation 17 is called the mass action law, and is valid for both intrinsic and extrinsic semiconductors under 

thermal equilibrium conduction. In an extrinsic semiconductor, the Fermi level moves toward either the bottom 

of the conduction band (n-type) or the top of the valence band (p-type). Either n- or p-type carriers will then 

dominate, but the product of the two types of carriers will remain constant at a given temperature. 

► EXAMPLE4 
A silicon ingot is doped with 1016 arsenic atoms/cm3

. Find the carrier concentrations and the Fermi level at room 

temperature (300 K). 

SOLUTION At 300 K, we can assume complete ionization of impurity atoms. We have 

From Eq. 17, 

n z Nv= 1016 cm·3
• 

p z n/!Nv = (9.65 x 109)2/1016 = 9.3 x 103 cm-
3

• 

The Fermi level measured from the bottom of the conduction band is given by Eq. 22: 

Ec -EF = kT1n (Ne/ND) 
= 0.0259 ln(2.86 x 1019/1016

) = 0.205 eV. 

The Fermi level measured from the intrinsic Fermi level is given by Eq. 25: 

EF -Ei z kTln (N0 /n) 
= 0.0259 ln(l016/9.65 x 109

) = 0.358 eV. 

These results are shown graphically in Fig. 23. 

If both donor and acceptor impurities are present simultaneously, the impurity that is present in a greater 

concentration determines the type of conductivity in the semiconductor. 
The Fermi level must adjust itself to preserve charge neutrality, that is, the total negative charges (electrons 

and ionized acceptors) must equal the total positive charges (holes and ionized donors). Under complete 

ionization condition, we have 

- - ~~------Ev 
Fig. 23 Band diagram showing Fermi level E, and intrinsic Fermi level Er 

◄ 
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0.8 
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--0.6 

Valence band 
--0.8 
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<•> 
1.0 
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> 0.2 
..!/. 

E, i.J- 0 --------------
I ... 

i.J --0.2 

--0.4 
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--0.8 

-1.0 
0 100 200 300 400 500 600 
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(b) 

Fig. 24 Fermi level for (a) Si and (b) GaAs as a function of temperature and im!J• rity 
concentration showing dependence of the bandgap on temperature. 9 

Solving Eqs. 17 and 27 yields the equilibrium electron and hole concentrations in an n-type semiconductor: 

I p,, = n/ I n,, . I 

(27) 

(2 ) 

(29) 

The subscript n refers to then-type semico~ductor. Bec_ause the electron is the dominant carrier, it is called the 
majority carrier. The hole ii:1 t~e n-ty~e semiconductor 1s c~lle~ the mi.nori.ty carrier. Similarly, we obtain the 
concentration of holes (maJonty earner) and electrons (mmonty earner) m a p-type semiconductor as: 

(30) 

n,, = n,
2 I p 1,. 

(31) 

T he subscrip t p refers to the p-type semiconductor. 

.,J, 
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Generally, the magnitude of the net impurity concentration IN - N I is greater than the intrinsic carrier 
. th D A 

concentration n,~ . erefore, the above relationships can be simplified to 

n "'N -N n D A 

P "'N -N p A D 

if ND>NA, 

if NA> ND. 

(32) 

(33) 

From Eqs. 28 to 31 together with Eqs. 13 and 14, we can calculate the position of the Fermi level as a function of 
temperature for a given acceptor or donor concentration. Figure 24 plots these calculations for silicon9 and gallium 
arsenide. We have incorporated in the figure the variation of the bandgap with temperature (see Problem 7). Note 
that as the temperature increases, the Fermi level approaches the intrinsic level, that is, the semiconductor becomes 
intrinsic. 

Figure 25 shows electron density in Si as a function of temperature for a donor concentration of 
ND= 10

15 
cm·3• At low temperatures, the thermal energy in the crystal is not sufficient to ionize all the donor 

impurities present. Some electrons are "frozen" at the donor level and the electron density is less than the donor 
concentration. As the temperature is increased, the condition of complete ionization is reached, 
(i.e., n" = ND). As the temperature is further increased, the electron concentration remains essentially the same over 
a wide temperature range. This is the extrinsic region. However, as the temperature is increased even further, we 
reach a point where the intrinsic carrier concentration becomes comparable to the donor concentration. Beyond 
this point, the semiconductor becomes intrinsic. The temperature at which the semiconductor becomes intrinsic 
depends on the impurity concentrations and the bandgap value and can be obtained from Fig. 18 by setting the 
impurity concentration equal ton .. 

I 

3 X 1015 -200 -100 

i 
&: 

b 

1 ,, 

I 
iii 

SI 
N0 = 1015 cm-3 

2 

T("C) 

0 100 200 300 

I 
I 
I 
I 

Intrinsic 1 
region I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

"" I 

/n1•N ' 
0 ..... '---~-~----~~-"----, 

0 100 200 300 400 500 

T(K) 

Fig. 25 Electron density as a function of temperature for a Si sample with a donor 
concentration of 1015 cm·3• 
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1.6.2 Degenerate Semiconductor · · . 
1 orresponding eff ect1ve density of states w When the dopmg concentration becomes equal or larger than t 1.e c (E 6) has to be integrated numerical]; Re can no longer_use the approximation of Eq. 8, and the electr?n density Eq.or below E v The semiconductor is~ or very heavily doped 11-type or p-type semiconductor, EFwtll be above c eferrect to as a d~generate semiconductor. . . ffi t" that is high impurity concentrat' An 1mport~nt aspect of high doping is the bandgap_-nanowmg \ e~~ at roo~ temperature is given b ton causes a reduct10n of the bandgap. The bandgap reduction !).£g for st tc Y 

J
l/2 

M =22(_!!_ me~ g 1018 

where the doping is in cm·3. For example, for N v :,; 101scm·3, !).£g :,; 0.022 eV, whic~ is I_ess t?a~ 2% of . the original band gap. However, for N v ~ N c = 2_86 x 1019 cm·3, !).EK ;;:: 0.12 e V, which 1s a significant fraction of E, 

► SUMMARY 

At the beginning of the chapter we listed a few important semiconductor materials. The propert~es 0 : . semic:onductors are determined to a large extent by the crystal structure. We have defin_ed the Miller md1ces to descnbe the crystal surfaces and crystal orientations. A discussion of how to grow semiconductor crystals can be found in Chapter 11 . 
The bonding of atoms and the electron energy-momentum relationship in a semiconductor were considered in connection with the electrical properties. The energy band diagram can be used to underst,ll d why some materials are good conductors of electric current whereas others are poor conductors. We have aL:o :;.t·own that changing the temperature or the amount of impurities can drastically vary the conductivity of a semiconductor. 
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14 
Impurity Doping 

► 14.1 BASIC DIFFUSION PROCESS 
► 14.2 EXTRINSIC DIFFUSION 
► 14.3 DIFFUSION-RELATED PROCESSES 
► 14.4 RANGE OF IMPLANTED IONS 
► 14.5 IMPLANT DAMAGE AND ANNEALING 
► 14.6 IMPLANTATION-RELATED PROCESSES 
► SUMMARY 

Impurity doping is the introduction of controlled amounts of impurity dopants into semiconductor materials. The 

practical use of impurity doping is primarily to change the electrical properties of the semiconductors. Diffusion 

and ion implantation are the two key methods of impurity doping. Until the early 1970s, impurity doping was done 

mainly by diffusion at elevated temperatures, as shown in Fig. la. In this method the dopant atoms are placed on 

or near the surface of the wafer by deposition from the gas phase of the dopant or by using doped-oxide sources. 

The doping concentration decreases monotonically from the surface, and the profile of the dopant distribution is 

determined mainly by the temperature and diffusion time. 
Since the early 1970s, many doping operations have been performed by ion implantation, as shown in Fig. 

lb. In this process the dopant ions are implanted into the semiconductor by means of an ion beam. The doping 

concentration has a peak distribution inside the semiconductor and the profile of the dopant distribution is 

determined mainly by the ion mass and the implanted-ion energy. Both diffusion and ion implantation are used in 

fabricating discrete devices and integrated circuits because these processes generally complement each other.1•2 For 

example, diffusion is used to form a deep junction (e.g., a twin well in CMOS), whereas ion implantation is used to 

form a shallow junction (e.g .. a source/drain junction of a MOSFET). 

Specifically, we cover the following topics: 
• The movement of impurity atoms in the crystal lattice under high temperature and high 

concentration-gradient conditions. 
• Impurity profiles for constant diffusivity and concentration-dependent diffusivity. 
• The impact of lateral diffusion and impurity redistribution on device characteristics. 
• The process and advantages of ion implantation. 
• Ion distributions in the crystal lattice and how to remove lattice damage caused by ion 

implantation. 
• Implantat_ion-related processes such as masking, high-energy implantation, and high-current 

implantation. 



TSMC EX. 1024 Page 17 of 51

Gas of 
dopant 
atoms 

High-velocity 
dopant 
Ions 

(a) 

Mask 

Impurity Doping 467 

lnC p 
lnC p 

. f (b) 
f ig. 1 Companson ° (a) diffusion and (b) ion-implantation techniques for selective introduction of dopants into the semiconductor substrate. 

► 14.1 BASIC DIFFUSION PROCESS 

Diffusion of impurities is typically done by placing semiconductor wafers in a carefully controlled high­temperature quartz-tube furnace and passing a gas mixture that contains the desired dopant through it. The temperature usually ranges between 800° and l 200°C for silicon and 600° and 1000°C for gallium arsenide_ The number of dopant atoms that diffuse into the semiconductor is related to the partial pressure of the dopant impurity in the gas mixture. 
For diffusion in silicon, boron is the most popular dopant for introducing a p-type impurity, whereas arsenic and phosphorus are used extensively as n-type dopants. These three elements are highly soluble in silicon, as they have solubilities above 5 x 1020 cm-3 in the diffusion temperature range. These do pants can be introduced in several ways, including solid sources (e.g., BN for boron, AsP3 for arsenic, and P20 5 for phosphorus), liquid sources (BBr3 AsCl3, and POC13) , and gaseous sources (B2H6, AsH3, and PHJ However, liquid sources are most commonly used. A schematic diagram of the furnace and gas flow arrangement for a liquid source is shown in Fig. 2. This arrangement is similar to that used for thermal oxidation. An example of the chemical reaction for phosphorus dilf usion using a liquid source is 

The P20 5 forms a glass on a silicon wafer and is then reduced to phosphorus by silicon, 

2PP5 + 5Si ~ 4P + 5Si02; 

the phosphorus is released and diffuses into the silicon and CI2 is vente~. . . 

(1) 

(2) 

For diffusion in gallium arsenide, the high v~po~ pressure of arse~1c requi~es s~ec1~l methods to preve~t '.he loss of arsenic by decomposition or evaporation.- These metho~s mclude d1ff ~s1on m s~aled ampules ~~th an overpressure of arsenic and diffusion in an open-tube furnace with a doped-ox1?e ~appmg layer (e.g. , sihcon nitride) M t f h t d' type di'ffusion have been confined to the use of zmc m the forms of Zn-Ga-As . . os o t e s u 1es on p- . b . ~~~~sand ZnAs2 for the sealed-ampule app~oach or ZnO-S102 for the open-tu e approach. Then-type dopants m 
g hum arsenide include selenium and tellunum. 
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Fig. 2 Schematic diagram of a typical open-tube diffusion system. 

14.1.1 Diffusion Equation 

Diffusion in a semiconductor can be visualized as atomic movement of the diffusant (dopant atoms) in the crystal 
lattice by vacancies or interstitials. Fig.3 shows the two basic atomic-diffusion models in a solid. 'J The open circles 
represent the host atoms occupying the equilibrium lattice positions and the solid dots represent impurity atoms. 
At elevated temperatures the lattice atoms vibrate around the equilibrium lattice sites. There is a finite probability 
that a host atom acquires sufficient energy to leave the lattice site and become an interstitial atom, thereby creating 
~ vacancy. When a neighboring impurity atom migrates to the vacancy site as illustrated in Fig. 3a'. the mechanism 
ts ~lled vacancy diffusion. If an interstitial atom moves from one place to another without occupying a lattice site 
(Fig. 3b), the mechanism is interstitial diffusion. An atom smaller than the host atom often moves interstitially. 

In addition, there is extended interstitial diffusion, sometimes called interstitialcy diffusion. The interstitial 
host atom (self-interstitial) pushes the substitutional impurity atom into an interstitial site. Subsequently, the 
impurity atom displaces another host atom and creates a new self-interstitial. Then the process is repeated. 
Interstitialcy diffusion is faster than substitutional diffusion. Vacancy and interstitialcy diffusion are considered 
the dominant mechanisms for diffusion of P, B, As, and Sb in silicon. Phosphorus and boron diffuse via a dual 
(vacancy and interstitialcy) mechanism, with the interstitialcy component dorninating. Arsenic and antimony 
diffuse predominately via a vacancy mechanism.' 

The basic diffusion process of impurity atoms is similar to that of charge cir riers (electrons and holes), 
discussed in Chapter 2. Accordingly, we define a flux Fas the number of dopant atoms passing through a unit area 
in a unit time and C as the dopant concentration per unit volume. From Eq. 27 in Chapter 2, we have 

0000 
0000 
0 ►00 
0000 

(a) 

0000 
00.QO 
0000 
0000 

(b) 

Fig. 3 Atomic diffusion mechanisms for a two-dimensional lattice.1
•
3 

(") Vacancy mechanism; (b) interstitial mechanism. 
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ac 
F= - D­ax, 

i~re " ·e have ~ubs~i~uted C for the carrie1_· co1~centration and the proportionality constant Dis th~ diffusi~n 

,d 1- i·ent or d1ffus1v1ty. Note that the basic dnving force of ti d"ff . ·s the concentration gradient 
• 1

~1 1c . • . 1 
1e I us1on process 1 . , 

"c1ds. The flux IS pr~p~Htt~n~ to the concentration gradient, and the dopant atoms will move (diffuse) away 

(3) 

J . high-concent1at1on 1eg1on toward a Jower-concent . t· · 
•.l11n a ~ . E 3 . ta 1011 region. d "t' n 
11 If we su~st1t~t~ q. mto _the one-dirr~ensional continuity equation, Eq. 56 in Chapter 2, u?der the con 1 10 

. t no 111atenals a1e formed o1 consumed m the host semiconductor (i e G = R = 0) we obtam 
tihl · •, 11 n ' 

ac aF a ac 
-=--=-{D-). 
at ax ax ax 

When the concent~·ation of the dopant atoms is low, the diffusion coefficient can be considered independent of 

doping concentrat1on, and Eq. 4 becomes 

(4) 

(5) 

Equation 5 is often referred to as Fick's diffusion equation. . _ _ 

Figure 4 shows the measured diffusion coefficients for low concentrations of various dopant impuntles m 

silicon and gallium arsenide.4
·
5 The logarithm of the diffusion coefficient plotted against the reciprocal of t?e . 

absolute temperature gives a straight line in most cases. This implies that over the temperature range, the diff us1on 

coefficients can be expressed as 

- E 
D = Do exp(--a ), 

kT 
(6) 

where D0 is the diffusion coefficient in cm2/s extrapolated to infinite temperature and E" is the activation energy in 

eV 
For the interstitial diffusion model, £ 11 

is related to the energies required to move dopant atoms from one 

interstitial site to another. The values of E" are found to be between 0.5 and 2 eV in both silicon and gallium 

menide. For the vacancy diffusion model, E" is related to both the energies of motion and the energies of 

fo rmation of vacancies. Thus, E,, for vacancy diffusion is la rger than that for interstitial diffusion; usually between 

3 and 5 eV 
For fast diffusants, such as Cu in Si and GaAs, shown in the upper portion of Fig. 4a and 4b, the measured 

activation energies are less than 2 eY, and interstitial atomic movement is the dominant diffusion mechanism. For 

~low diffusants, such as As in Si and GaAs, shown in the lower portion of Fig. 4a and 4b, E" is larger than 3 eV, 

and vacancy diffusion is the dominant mechanism. For interstitialcy-dominated diffusion, such as P in silicon E 

!' also larger than 3 eV, but the diffusion coefficient is four times greater than As over the temperature range sho;,n 

1n Fig. 4u. 
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Fig. 4 Diffusion coefficient (also called diffusivity) as a function of the rcciprncal oi temperature for (a) silicon and (h) 
gallium arsenide. 4.S 

14.1.2 Diffusion Profiles 

The diffusion profile of the dopant atoms is dependent on the initial and boundary conditions. In this subsection 
we consider two important cases, namely, constant-surface-concentration diffusion and constant-total-dopant 
diffusion. In the first case, impurity atoms are transported from a vapor source onto the semiconductor surface 
and diffuse into the semiconductor wafers. The vapor source maintains a constant level of surface concentration 
during the entire diffusion period. In the second case, a fixed amount of dopant is deposited onto the 
semiconductor surface and is subsequently diffused into the wafers. 

Constant-Surface-Concentration Diffusion 
The initial condition at t = 0 is 

C(x, 0) = 0, (7) 

which states that the dopant concentration in the host semiconductor is initially zero. The boundary conditions are 

C(O, t) = C, (8a) 
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C(00, t)=O (8b) 

·1 ~re Cs is the surdf~ce concefntration (at x = 0), which is independent of time. The second boundary condition 
11 1 

111at at large 1stances rom the surface there are . . 
tcS . f h d'ff • . no 1mpunty atoms. . . b 6 

;ta The solution° t e 1 usion equation (Eq. 5) that satisfies the initial and boundary conditions is given y 

C(x,t) = C,erfc(-x-), 
2✓Dt 

(9) 

e erfc is the complementary error function and .fi5i is the diffusion length. The definition of erfc and som~ 
11her h f t' • . · f'. concentrat10n 

perties of t e unc ion are summarized 111 Table I. The diffusion profile for the constant-sunace- . d 
Pro · h · F' 5 h I • · 1 ) I s the normahze condition 1~ s own m 1?' a, w ere we P ot, on both linear (upper) and loganthm1c ( ower ~ca e , e 

entration as a function of depth for three values of the diffusion length /Dt correspondmg to thre h 
cone . d'ff . t' d fi d . . . h t·me progresses, t e ecutive 1 us1on imes an a IXe D for a given d1ffus1on temperature. Note that as t e 1 cons . . 
d ant penetrates deeper mto the semiconductor. 
op The total number of dopant atoms per unit area of the semiconductor is given by 

TABLE 1 ERROR FUNCTION ALGEBRA 

2 f' ' erf(x) = ✓n 
O 

e-y dy 

erfc(x) = I - erf(x) 

erf(O) = 0 

erf( oo) = I 

2 
erf(x) = ✓n x for x « I 

l 

Q(t) = f 
0

00 

C(x,t)dx. 

I e_, 
erfc(x) = r- for x » I 

vn x 

d 2 -,' 
- erf(x)=-e 
dx ✓n 

d2 4 -x' 
- . erf (x) = - ,- xe 
dx2 vn 

f: erfc(y')dy' = x erfc (x) + J; (I - e-,' ) 

., I J
O 

erfc (x)dx = J; 

(IO) 
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Substituting Eq. 9 into Eq. IO yields 

Q(t) =]; Cs ./Di~ 1.13C_, JDi. 
(1 1) 

This expression can be interpreted as follows. The quantity Q(t) represents the area un?er o~e of the diffusion 
pro~les of the linear plot in Fig. Sa. These profiles can be approximated by triangles with height C_, and base 2 ✓Di 
· This leads to Q(t)::: cJDt , which is close to the exact result obtained from Eq. 11. 

A related quantity is the gradient of the diffusion profile dC/dx. The gradient can be obtained by 
differentiating Eq. 9: 
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Fig. 5 Diffusion profiles. (a) Normalized complementary error function versus distance for successive diffusion times. 
(h) Normalized Gaussian function versus distance. 
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AMPLE 1 . . 
r EX d·trusion in silicon at I 000°C ti 19 - J nd the d1ffus100 

. boron 1 . . ' 1e surface concentration is maintained at IO cm a . hes 1015 
i:ar:\, I i,our. Fmd Q(t) and the gradient at x = 0 and al a location where the dopant concentration reac 
1i i111., • 

• 1 

-111 . 
1, ·tr · ffi · ,~ 2/s so that unON The dt ~ston coe ,c,ent of boron at 10000c, as obtained from Fig. 4, is about 2 x 10- cm ' 
50Ld·ffusion length ts 
iJ1c' I 

JDt = ✓2 X 10-
14 

X 3600 = 8.48 X 10-6 cm 
' 

Q(t) = l. I 3C., Joi= 1.13 x 1019 x 8.48 x 10-6 = 9.5 x I 013 a toms/er 

dCI C -1019 
- _ = -~ = -;==------ = -6.7 x 1023 cm-4 . 
d,, .,=o .JnDt £ x 8.48 x 10-6 

C == J 01~ cm-3, the corresponding distance x is given by Eq 9 or w1,~n ; . ' 

(
1015 ) 

x j =2.fiSterfc-
1 

1019 =2.Jiit(2.75)=4.66 x 10-5 cm=0.466 µm, 

dCI C -x!,{; - == ___ s - e 4Dt = -3.5xl020 cm-4 
dx x=0.466µm ✓nDt ◄ 

Constant-Total-Dopant Diffusion 
For this case, a fixed ( or constant) amount of dopant is deposited onto the semiconductor surfac~ in a thin layer 
and the dopant subsequently diffuses into the semiconductor. The initial condition is the same as m Eq. 7. The 
boundary conditions are 

( 13a) 

and 
C(oo, t) = 0 (13b) 

where Sis the total amount of dopant per unit area. 

The solution of the diffusion equation, Eq. 5, that satisfies the above conditions is 

S ( x-
2 

) C(x,t) = e,::;;-: exp --- - . 
vnDt 4Dt 

( 14) 

This expression is the Gaussian distribution. Since the dopant will move into the semiconductor as time increases 
10 keep the total dopant S constant, the surface concentration must decrease. This is indeed the ca se, since the ' 
surface concentration is given by Eq. 14 with x = 0: 

s 
C, ( t) = e,:;;-;. 

· vnDt (15) 

(C _Figure Sb shows the dopant profile for a Gaussian distribution where we plot the normalized concent t· 
~SJ. s f . . . d"ff . I h N h ra ton 
• ct a unction of the distance for three mcreasmg I us1on engt s. ote t e reduction of the surface 
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concentration as the diffusion time increases. The gradient of the diffusion profile is obtained by differentiating 
Eq. 14 and is 

dCI xS e-'¼o, =--x-C(x,t). 
d.Y ... , - - 2Jii(Dt)312 2Dt (16) 

The gra_dient (or slope) is zero at x = o and at x = 00 and the maximum gradient occurs at x = ✓2Dt. 
_ ln mtegr~ted-circuit processing, a two-step diffusion process is commonly used _in whi~h a predeposition 

d~ffus~d layer 1s first formed under a constant-surface-concentration condition. This step 1s followed by a drive-in 
diffu~10n ~also called redistribution diffusion) under a constant-total-dopant condition. For most practical cases, 
t~e dt~us1on length ,J5; for the predeposition diffusion is much smaller than the diffusion length for the drive-in 
diffusion. Therefore, we ~n consider the predeposition profile as a delta function at the s_urface, and we can regard 
the extent of the penetration of the predeposition profile as negligibly small compared with that of the final profile 
that results from the drive-in step. 

► EXAMPLE2 

Ar~enic was predeposi~ed by arsine gas and the resulting total amount of dopant per unit area is I x I0
14

at?ms/ 
cm · How long would 1t take to drive the arsenic into a junction depth of I µm? Assume a background doping of 
l x 10

15 
atoms/cm

3 
and a drive-in temperature of l200°C. for As diffusion, D0 = 24 cm2/s and Ea= 4.08 eV 

SOLUTION 

D = D0 exp(-£•)= 24exp( -4.08 ) = 2.602 x 10-13 cm2 
/ s, 

kT 8.614xl0-5 x l473 

[ 
S l ( 1.106 x 10

5 

) x~ =l0-
8
=4Dtln Cn✓nDt =l.04xl0-

12
tln Ji , 

t · log t - 10.09t + 8350 = 0. 

The solution to the above equation can be determined by the cross point of equation y = t · log t and y = I 0.091 -
8350. Therefore, t = 1190. seconds= 20 minutes. ◄ 

14.1.3 Evaluation of Diffused Layers 

The results of a diffusion process can be evaluated by three measurements- the junction depth, the sheet 
resistance, and the dopant profile of the diffused layer. The junction depth can be delineated by cutting a groove 
into the semiconductor and etching the surface with a solution ( e.g., 100 cm3 HF and a few drops of HNO3 for 
silicon) that stains the p-type region darker than then-type region, as illustrated in Fig. 6a. If R0 is the radius of 
the tool used to form the groove, then the junction depth xi is given by 

(1 7) 

where a and bare indicated in the figure. In addition, if R0 is much larger than a and b, then 
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{1 2 -bl ( 18) 
.X . :::_ 

1 - 2~ . 

I J·unction depth xi as illustrated in Fi 6b • I h 
1 ie 

1
centration C or g. is the position where the dopant concentration equa st e 

irate co1 s, 
,libs 

•r theJ·unction depth and C are kn h . • ·b · be 
11,us. 1 ·d d h d'tT • 8 own, t e surface concentration C and the impunty d1stn utwn can 
1
" d prov1 e t e 1 us1on profile fioll ' . • · 14 1 2 

caJculate ' . . ows one or the other simple equation denved m Sect10n · · · 

Th resistance of a d1ff used layer can b . 'bed · Chapter 
e . . . e measured by the four-point probe techmque descn 111 

' The sheet res1stan~e R is relate~ to the Junction depth x the carrier mobilit (which is a function of the total 

-· · oncentration) and the imp 't d' 'b · ' ' Y µ 1 

io1puntY c ' un Y istn utJon C(x) by the following expression: 

R=----­qL'; µC(x)dx · 
(20) 

for a given diffus!on profile, the_ average resistivity p ~ Rx 
I 

is uniquely related to the surf~ce concen!ration C, and 

ihe substrate-d?pmg c?nce?tratlon for an assumed d1ffus1on profile. Design curves relatmg C and P have been 

calculated for s1mple diffusion profiles, such as the erfc or Gaussian distribution.8 To use these curves correctly 

we must be sure that the diffusion profiles agree with the assumed profiles. For low concentrations and deep 

diffusions, the diffusion profiles generally can be represented by the aforementioned simple functions. However, 

as we discuss in the next section, for high concentrations and shallow diffusions, the diffusion profiles cannot be 

represented by these simple functions. 

0 
c, logC(.\") 

X; 

T 
~ ·. 

p-SI :i.· 

(a) (b) 

Fi~. 6 Junction-depth measurement. (a) Grooving and staining; (b) position in which dopant and substrate 

concentration are equal. 
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· • . , hnique described in Chapter 7. The . T_he d1tf ~s1on profile ~n ~ measured using th~ capac1ta~c~-volt,i_g~ tee 11 ionized, can be determined maJont~ earner profile, which 1s equal to the impurity profile tf nnpunttes ~re~ ~ function of the a r ~y measunng the reverse-bias capacitance of a /J-IIJ·unction or a Schottky barrier 10 e asha. h' h pp te 1 (SIMS) tee mque, w 1c measures th vo tage. A more elaborate method is the secondary-ion- mass spectroscope I'. f · d e 1 
· · · 1 off the sun ace o a semicon uctor tota 1mpunty profile. In the SIMS technique, an ion beam sputters matena . . . 1 ' d h 

· · . · h· high sens1t1v1ty to many e ements such an t e 10n component 1s detected and mass analyzed. Thts technique as • h' ' as boron and arsenic, and is an ideal tool for providing the precision needed for profile measurements m igh-
concentration or shallow-junction diffusions.9 

► 14.2 EXTRINSIC DIFFUSION 

The diffusion profiles described in Section 14.1 are for constant diffusivities. These profiles occur when the doping concentration is lower than the intrinsic-carrier concentration n;(1) at the diff usio~ temperat_ure. _F?r example, at T = I 000°C, n; equals 5 x 1018 cm·3 for silicon and 5 x 1011 cm-3 for gallium arsemde. The d1ffus1v1ty at ~ow concentrations is often referred to as the intrinsic diffusivity D;(7). Doping profiles that ~ave ~oncentrat1on~ less than n; (7) are in the intrinsic diffusion region as indicated in the left side of Fig. 7. In this region, t?e resultmg dopant profiles of sequential or simultaneous diffusions of n- and p-type impurities c~n be ~etermmed by. ~upe~osition; that is, the diffusions can be treated independently. However, when the 1mpunty con~~tratlon, 1~clu~1~g ~oth th~ substrate and the dopant, is greater than n;(7), the semico_ndu~t?r becomes extnns1c a~d the d1ffus1v1ty 1s considered to be extrinsic. In the extrinsic diffusion region the d1ffus1v1ty becomes concent~atlon dependent.10 In the extrinsic diffusion region the diffusion profiles are more complicated, and there are mteractions and cooperative effects among the sequential or simultaneous diffusions. 

14.2.1 Concentration-Dependent Diffusivity 
As mentioned previously, when a host atom acquires sufficient energy from the lattice vibration to leave its lattice site, a vacancy is created. The presence of a vacancy in a crystal results in four unsatisfied and distorted bonds. The electrons of these bonds may spill into the vacancy. A neutral vacancy will act as an acceptor by acquiring a negative charge, V° + e· = v-. Therefore, depending on the charges associated with a vacancy, we can have a neutral vacancy V°, an acceptor vacancy v-, a double-charged acceptor vacancy v2

- , a donor vacancy v+, and so forth. We expect that the vacancy density of a given charge state (i.e. , the number of vacancies per unit 

100 r-- - ----- ---,-- ----- - ----~ 

10 

Intrinsic 
diffusion -

- Extrinsic 
diffusion 

0.1 ~_._ .......... _._._"-"'::---'--..L..l... ........... ~ -'--'-L...JU....UL.LL_ L.-J_._L..J....L.u.J 0.01 0.1 1.0 10 100 
11/11, (T) 

Fig. 7 Donor-impurity diffusivity versus electron concentration showing reg,·ons of 1·nt · · d · · 
d
·rr . 10 rms1c an extrms1c 1 us1on. 
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,l1lt1n1e. Cr) has a temperature dependence similar to that of the carrier density (see Eq. 28 in Chapter 1 ), that is, 

(21) 

C · the intrinsic vacancy density E · th F • · I 
. 
1
ere ; 15 . . . . ' Fis e erm1 level, and E; is the intrinsic Fermi leve · 

,d If the dopant d1tfus1on is do~nated by the vacancy mechanism the diffusion coefficient is expect~d to be 

roPortional t? the vaca:cy density. A~ low dopi_ng ~oncentrations (,; < n;), the Fermi level ~oincides with ~he 

p triosic f~rmi level ~EF E;!• T?e vacanc~ density is equal to C;and is independent of dopmg concentr~t10n. 

in e dilfus1?n coefficient, which ,~ propo~ttonal to C;, also is independent of doping concentration. At high_ 

rhnceotrations (11 > n;), the Ferm, level will move toward the conduction band edge (for donor-type vacancies), 

c~d the term [exp (EF -. E;)/kT] becomes larger than unity. This causes Cv to increase, which in turn causes the 

~jffusion coeffic1_ent ~o mcrease! as shown in the right side of Fig. 7_ . 

Whe? the d1ffus1on co~ffic1~nt va~ie~ with dopant concentration, Eq. 4 should be used as th~ diffusion. 

equation instead of Eq. 5, m which Dis mdependent of C. We consider the case where the ditfuswn coefficient can 

be written as 

D=D (~)r 
., C ' 

s 

(22) 

where C, is the surface concentration, Ds is the diffusion coefficient at the surface, C and Dare the concentration 

and the diffusion coefficient in the bulk, and yis a parameter to describe the concentration dependence. For such a 

case, we can write the diffusion equation, Eq. 4, as an ordinary differential equation and solve it numerically. 

Figure 8 shows the solutions11 for a constant- surface-concentration diffusion with different values of Y. For 

y= O, we have the case of constant diffusivity and the profile is the same as that shown in Fig. Sa. For y> ~ the 

diffusivity decreases as the dopant concentration decreases, and increasingly steep and box-like concentration 

profiles result for increasing y. Therefore, highly abrupt junctions are formed when diffusions are made into a 

background of an opposite impurity type due to higher impurity concentration. The abruptness of the doping 

profile results in a junction depth virtually independent of the background concentration. Note that the junction 

depth (see Fig. 8) is given by 

xi= l.6foJ for D ~ C (y = 1), 

xi = l.lfoJ for D ~ C2 (y = 2), (23) 

xi = 0.87JD:i for D ~ C3 (y = 3) . 

In the case of y= - 2, the diffusivity increases with decreasing concentration, which leads to a concave profile, as 

opposed to the convex profiles for other cases. 
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Fig. 8 Normalized diffusion profiles for extrinsic diffusion where the diffusion coefficient becomes concentration 

dependent.10
•
11 

14.2.2 Diffusion Profiles 

Diffusion in Silicon 
The measured diffusion coefficients of boron and arsenic in silicon have a concentration dependence with Y= l. 

Their concentration profiles are abrupt, as depicted in curve c of Fig. 8. For gold and platinum diffusion in silicon, 

yis close to - 2 and their concentration profiles have the concave shape shown iJ, curve d of Fig. 8. 

The diffusion of phosphorus in silicon is associated with the doubly ~i:1argc:d acceptor vacancy v2
- , and the 

diffusion coefficient at high concentration varies as C. We would expect that the diffusion profile of phosphorus 

resembles that shown in curve b of Fig. 8. However, because of a dissociation effect, the diffusion profile exhibits 

anomalous behavior. 
Figure 9 shows phosphorus diffusion profiles for various surface concentrations after diffusion into silicon 

for 1 hour at I 000°C.12 When the surface concentration is low, corresponding to the intrinsic diffusion region, 

the diffusion profile is given by an erfc (curve a). As the concentration increases, the profile begins to deviate 

from the simple expression (curves band c). At very high concentration (curved), the profile near the surface is 

indeed similar to that in curve b of Fig. 8. However, at concentration n,, a kink occurs and is followed by a rapid 

diffusion in the tail region. The concentration n, corresponds to a Fermi level 0.11 eV below the conduction 

band. At this energy level, the coupled impurity-vacancy pair (P+v2
- ) dissociates to P+, v -, and an electron. Thus, 

the dissociation generates a large number of singly charged acceptor vacancies v-, which in turn enhances the 

diffusion in the tail region of the profile. The diffusivity in the tail region is over 10-12 cm2/s, which is about two 

orders of magnitude larger than the intrinsic diffusivity at l000°C. Because of its high diffusivity, phosphorus is 

commonly used to form deep junctions, such as then-tubs in CMOS. 
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fig. 9 Phosphorus diffusion profiles12 for various surface concentrations after diffusion into silicon for 1 hour at 

1000°C. 

Zinc Diffusion in Gallium Arsenide 

479 

We expect diffusion in gallium arsenide to be more complicated than in silicon because the diffusion of impurities 

may involve atomic movements on both the gallium and arsenic sublattices. Vacancies play a dominant role in 

diffusion processes in gallium arsenide because both p- and n-type impurities must ultimately reside in lattice sites. 

However, the charge states of the vacancies have not been established. 

Zinc is t_he most extensively studied diffusant in gallium arsenide. Its diffusion coefficient is found to vary as 

C'. Therefore, the diffusion profiles are steep, as shown13 in Fig. IO, and resemble curve b of Fig. 8. Note that even 

for the case of the lowest surface concentration, the diffusion is in the extrinsic-diffusion region, because ni for 

GaAs at 1000°C is less than I 018 cm·3. As can be seen in Fig. I 0, the surface concentration has a profound effect 

on the junction depth. The diffusivity varies linearly with the partial pressure of the zinc vapor, and the surface 

concentration is proportional to the square root of the partial pressure. Therefore, from Eq. 23, the junction depth 

is linearly proportional to the surface concentration. 

Diffusion in Strained Silicon 
Strained silicon is a promising candidate for the channel of MOSFET due to the high mobility of the carriers.14·15 

In the meantime, strain can alter the activation energy of many major steps involved in dopant diffusion, including 

formation of native defects and displacement of a dopant atom to form a mobile dopant complex. Strain-related 

bandgap narrowing can also change the charged point-defect concentration. Therefore, the diffusion associated 

with the defect concentration is a strong function of the strain. It impacts junction depth and effective channel 

length. The strain-related effects are strong for MOSFETs with scale less than 65 nm. 
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Fig. lO Diffusion profiles13 of zinc in GaAs after annealing at 1000°C for 2.7 hours. The different surface 
concentrations are obtained by maintaining the Zn source at temperatures in the range of 600°-800°C. 

Under compressive stress, the lattice constant of Si near the surface becomes smaller. To relieve it, Si atoms 
near the surface jump to the surface, and vacancies are created near the surface. These vacancies diffuse into 
the bulk and recombine with self-interstitials to decrease self-interstitials. As discussed in Section 14.1.1 , since 
both phosphorus and boron diffuse mainly through an interstitialcy mechanism, the compressive stress results 
in retarded diffusion.16 Tensile stress has opposite effects to compressive stress: the lattice constant of Si becomes 
larger and the interstitial-mediated diffusion is enhanced. The vacancy concc:~trntion is lower due to the lattice 
relaxation and the vacancy-mediated diffusion is retarded. 

► 14.3 DIFFUSION-RELATED PROCESSES 

In this section we consider two processes in which diffusion plays an important role and the impact of these 
processes on device performance. 

14.3.1 Lateral Diffusion 

The one-dimensional diffusion equation discussed previously can describe the diffusion process satisfactorily 
except at the edge of the mask window. Here the impurities will diffuse downward and sideways (i.e., laterally). 
In this case, we must consider a two-dimensional diffusion equation and use a numerical technique to obtain the 
diffusion profiles under different initial and boundary conditions. 

Figure 11 shows the contours of constant doping concentration for a constant-surface-concentration 
diffusion condition assuming that the diffusivity is independent of concentration.17 At the far right of the figure, 
the variation of the dopant concentration from 0.5 to l 04 C/Cs(where Cs is the surface concentration) corresponds 
to the erfc distribution given by Eq. 9. The contours are in effect a map of the locations of the junctions created 
by diffusing into various background concentrations. For example, at Cf Cs = I04 (i.e., the background doping is 
J 04 times lower than the surface concentration), we see from this constant-concentration curve that the vertical 
penetration is about 2.8 µm , whereas the lateral penetration (i.e. , the penetration along the diffusion 
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,ask-semiconductor interface) is about 2.3 µm. Therefore the lateral penetration is about 80% of the pene~ration 
11 

• • r ' t t 
·, the , ertical dtrectlon ior concentrations three or more orders of magnitude below the surface concen ra wn. 
11 

• r · I 
Similar results are obtained ior a constant-total-dopant diffusion condition. The ratio of lateral to ver~ica 

penetration is about 75%. For concentration-dependent difTusivities, the ratio is found to be reduced slightly, to 

about 65%-70%. 
Because of the lateral-diffusion effect, the junction consists of a central plane ( or flat) region wit~ . 

approximately cylindrical edges with a radius of curvature ,
1
, as shown in Fig. 11 . In addition, if the d1ffus10n 

mask contains sharp corners, the shape of the junction near the corner will be roughly spherical because of lateral 

diffusion. Since the electric- field intensities are higher for cylindrical and spherical junction regions, the avalanche 

breakdown voltages of such regions can be substantially lower than that of a plane junction having the same 

background doping. This junction "curvature efTect" was discussed in Chapter 3. 

14.3.2 Impurity Redistribution During Oxidation 

Dopant impurities near the silicon surface will be redistributed during thermal oxidation. The redistribution 

depends on several factors. When two solid phases are brought together, an impurity in one solid will redistribute 

between the two solids until it reaches equilibrium. This is similar to our previous discussion on impurity 

redistribution in crystal growth from the melt. The ratio of the equilibrium concentration of the impurity in the 

silicon to that in the silicon dioxide is called the segregation coefficient and is defined as 

equilibrium concentration of impurity in silicon k =_.c.., ____________ _ _ 

equilibrium concentration of impurity in Si0 2 

.. A second factor that influences impurity distribution is that the impurity may diffuse rapidly through the 

~11icon dioxide and escape to the gaseous ambient. If !he _difT~1sivity of th_e impurity in silicon dioxide is large, 

(24) 

tins factor will be important. A thi rd factor in the red1stnbut1on process 1s that the oxide is growing, and thus 

the boundary between the silicon and the oxide advances into the silicon as a function of time. The relative rate 

of this advance compared with the diffusion rat_e_ of the impw:ity throug~ the oxid~ is important in determining 

:textent of the redistribution. Note _t~at eve_n 11 !he segregation c?e~ c1ent ?f a~1 nnpurity k equals unity, some 
dis1nbut1on of the impurity in the s1hcon will s11ll take place. As 111d1cated 111 Fig. 3 of Chapter 12, the oxide layer 

11111 be about twice as thick as the silicon layer it replaced. Therefore, the same amount of impuri ty will now be 

d1stnbuted in a larger volume, resulting in a depletion of the impurity from the silicon. 
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Four possible redistribution processes are i\lustrated6 in Fig. 12. These process~s can be classified _into two 
gro~ps. In_ one group the oxide takes up the impurity (Fig. 12a and b fork< I), and m t~e 0ther_ the o~ide rejects 
t~e impunty (Fig.12c and d fork >I). ln each case, what happens depends on how rapidly the !mpunty can 
diffuse ~hrough the oxide. In group 1, the silicon surface is depleted of impurities;_ an_ ex~mple is boron with k 
appro~1mately equal to 0.3. Rapid diffusion of the impurity through the silicon d1ox1de mcrea~es t_h_e amount of 
depletion; an example is boron-doped silicon heated in a hydrogen ambient becaus~ hyd:ogen m ~1hcon dioxide 
e~ha°:ces the di~usivit~ of boron. In group 2, k is greater than unity, so th~t the ?x1d~ reJects the 1mp~~ity. If 
diffusion of the impunty through the silicon dioxide is relatively slow, the 1mp~nt~ piles up near th~ ~ihcon 
s~ace; an exa~ple is_ phosphorus, with k approximately equal to Io. When d1ffus1on through the ~1hcon dioxide is 
rapid, ~o mu~h 1mpunty may escape from the solid to the gaseous ambient that the overall effect will be a depletion 
of the impm~1ty;_ an example is gallium, with k approximately equal to 20. . . . 
_ . !he red1stnbuted dopant impurities in silicon dioxide are seldom electrically active. How~ver, red1stnbution 
1~ s1l~co°: has ~n important effect on processing and device performance. For example, no_numform dopant 
d1stnbutton will modify the interpretation of the measurements of interface-trap properties (see Chapter 6), 
and a change in the surf ace concentration will modify the threshold voltage and device contact resistance 
(see Chapter 7). 
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Fig. 12 Four different cases of impurity redistribution in silicon due to thermal oxidation.
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IJI" 14.4 RANGE OF IMPLANTED IONS 
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Fig. 13 Schematic of a medium-current ion implantor. 
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14.4.1 Ion Distribution 

Th~ to~al distance that an ion travels in coming to rest is called its range Rand is illustrated
19 

in Fig. 14a. The 
proJec~i~n of this distance along the axis of incidence is called the projected ra~1ge R,,. Becau~e the number 
0 ~ c~lhsi?ns pe~ unit distance and the energy lost per collision are random van_a~les, there wi_ll be _a spatial 
distnbution of ions having the same mass and the same initial energy. The_ stat1st1cal fluct~ahons m !he projected 
ra~ge a:e ~led the projected straggle <JP. There is also a statistical fluctuation along an axis perpendicular to the 
axis o~ mc1dence, called the lateral straggle <I.1- . • 

F1~re 14b shows the ion distiibution. Along the axis of incidence, the implanted 1mpunty profile can be 
approXIIllated by a Gaussian distribution function: 

S [ (x -R1,)2] 
n(x ) = r;c exp 

2 2 , 

v2n<J P a P 
(25) 

where Sis the ~on dos~ per unit area. This equation is similar to Eq. 14 for constant-t?tal-dopant diffusion, except 
that the quantity 4Dt 1s replaced by 2<J/ and the distribution is shifted along the x-axis by RP. 
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Fig. J 4 (a) Schematic of the ion range Rand projected range <JP. (h) Two-dimensional distribution of the implanted 
• 19 
JOOS. 
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. . diffusion, the maximum concentraf • . h aximum 
1
us. 101 • • • ion is at x = 0, whereas for ion implantatton t e m, 

fl cennauon is at the dproJedcted range RP. The ion concentration is reduced by 40 % from its peak value at coll _ + <J by one eca e at + 2a by t d g ._ Rr) - - p• • • . • • - P ~o ecades at ± 3a , and by five decades at ± 4. a,,· . 
(.' ;\Jong tl;e ax1s perpendicular _to t_he ~xis of incidence, th/distribution is also a Gaussian function of.the I 
. n1 exp(-y-/2<11. ). Because of this d1stnbution, there will be some lateral implantation.20 However, the l~ter~ 
\tf etration from ~he ma~k edge (on the order of <JJ is considerably smaller than that from the thermal d1ffus1on pen discussed m Section 14.3. 
prticess 

14.4.2 Ion Stopping 

fl re are two stopping mechanisms by which an energetic ion on entering ·1 semiconductor substrate (also ca!led 
th:e1arget~, can _be brou~llt to _rest. The first is by transferring i~s energy to t~e target nuclei. T_his causes deflect10n 
of the incident 10.11 and also ?1slodges many target nuclei from their original lattice sites. If Eis the energy _of 
the ion at any pomt x along its_ path, we c~n define a nuclear stopping power S,,(£) = (dE/dx),, to characterize 
this proc~ss. The se~on? st0PPmg m~cha111sm is the interaction of the incident ion with the cloud ~f _electro~s 

11 surroundmg the targets ~toms. ~he ion loses energy in collisions with electrons through Coulombic m~er~cti~ · 
The electrons can be exclt~d to hi~her energy levels (excitation), or they can be ejected from the atom (wnizatwn). 
\Ve can define an electromc stoppmg power S,(£) = (dE/dx), to characterize this process. . 

The average rate of energy loss with distance is given by a superposition of the above two stoppmg 
111echanisms: 

dE 
dx =S,,(E)+S, (E). 

If the total distance traveled by the ion before coming to rest is R, then 

J
R JEu dE 

R = odx= o S,,(E)+S, (E) ' 

(26) 

(27) 

,,·here E
0 
is the initial ion energy. The quantity R has been defined previously as the range. 

We can visualize the nuclear stopping process by considering the elastic collision between an incoming hard 
sphere (energy £ 0 and mass M1) and a target hard sphere (initial energy zero and mass M ~), 

Fig. 15 Collision of hard spheres. 
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as illustrated in Fig. 15. When the spheres collide, momentum is transferred alon~ the centers of the sp~eres. 
The deflection angle 0 and the velocities u and u can be obtained from the reqmr~ments for conservation of 
~o_mentum and energy. The maximum en~rgy tots is in a head-on collision. For this case, the energy loss by the 
mc1dent particle M, or the energy transferred to M

2 
is 

.!_Mu 2 =[ 4
M,Mi ]Eo. (28) 

2 2 2 (M1 +M2 )2 

Since M2 is usually of the same order of magnitude as M,, a large amount of energy can be transferred in the 
nuclear stopping process. 

. _Detailed calculations show that the nuclear stopping power increases linearly w~th ener~ at low energies 
(similar to Eq. 28), and SnCE) reaches a maximum at some intermediate energy. At high energies, ~.(E) becomes 
smaller because fast particles may not have sufficient interaction time with the target atoms to achieve effective 

energy ~ran~fer. The ~l~ulated values of S,,(E) for arsenic, phospho~s, a~d bof
1
on in silicon at ~arious energies are 

sho~ m Fig. 16 (solid lme, where the superscript indicates the atorruc we1g~t) .. Note that heavier atoms, such as 
arsemc, have larger nuclear stopping power, that is, larger energy loss per urut d1stan~. . . 

The electronic stopping power is found to be proportional to the velocity of the mc1dent 10n, or 

(29) 

where the coefficient k, is a relatively weak function of atomic mass and atomic number. The value of k, is 
approximately 10

7 
(eV)112/cm for silicon and 3 x 107 (eV)112/cm for gallium arsenide. The electronic stopping power 

in silicon is plotted in Fig. 16 (dotted line). Also shown in the figure are the crossover energies at which S,(E) 
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Fig. 16 Nuclear stopping power S.(E), and electronic stopping power S,(E) for As, P, and Bin Si. The points of 

intersection of the curves correspond to the energy at which nuclear and electronic stopping are equal.21 
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(E) for boron, which has a relaf 1 1 . . . the crossover 
qt1,1I S! ·1 10 keV This means that ive y ow ion mass compared with the target s1 hcon at~mMeV the main 

e ·gJ 1s on Y . . . over most of the implantation energy range of I keV to ' h 
e

11:~~y Joss mech~n;:: ~;~omc stopping. On the other hand for arsenic with relatively high ion mas~ t :s 
eti ;over energy is . e · us, nuclear stopping dominates o~er most of the energy range. For phosp or · ' 
crOs rossover energy is 130 ke V For an Eo less than 130 keV I t . ·11 dominate· for higher energies, 
]le c . ·ng will take ov , nuc ears oppmg wt , 
t nic stopp1 er. . 

e1eetrince Si~ ans S,(E) are ~nown, we can calculate the range from Eq. 27. This in turn can give us the proJected 
d Pro1ected straggle with the help f th " 11 • . • 1s 

raJ1ge an J 
O e 10 owmg approximate equations : 

(30) 

CJ:::~[~] 
p - 3 M RP. 

1+M2 

(31) 

F·,,,,re 17a shows the projected range (R ), the proiected straggle (a) and the lateral straggle ( a_J for arsenic, 
,~... h . ili' 22 p J P ' Al th 

bo~on, and phosp oms 111 s con. As expected, the larger the energy loss, the smaller the range. so, e 
rojected range and straggles increase with ion energy. For a given element at a specific incident energy: CJP and CJ.1 

~re comparable and usually within ± 20 %. Figure 17 b shows the corresponding values for hydrogen, zmc, and 
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I ig. 17 Projected range, projected straggle, and lateral straggle for (a) 8, P, and As in Si, and (h) H, Zn, and Te in 
GaAs.20.22 
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tellurium in gallium arsenic.2° Comparing Fig.17a with Fig. I 7b, we see that mos~ of the popular dopants (except 
hydrogen) have larger projected ranges in silicon than they have in gallium arsenic. 

► EXAMPLE3 

Assume 100 keV boron implants on a 200 111111 silicon wafer at a dose of 5X 1014 ions/cm
2
. Calculate the peak 

concentration and the required ion beam current for I minute of implantation. 

SOLUTION From Fig. 17a, we obtain 0.31 and 0.07 µm for the projected range and project straggle, respectively. 

From Eq. 25, ( ) S [-(x-R,,)2 ] n x = ~ exp 2 i , 
'\/LlUJ ,, CJ ,, 

dn S 2(x -R) [-( x -R )2] -=- P exp / =0. 
dx fiira ,, 2a / 2a P 

The peak concentration is at x = R,,, and n(x) = 2.85 x 1019 ions/cm
3

• 

The total number of implanted ions = Q = 5 x 1014 x n x ( 
2
2
° J = 1.57 x 10

17 
ions. 

Th . d . qQ l.6 x 10-19 x 1.57 x 1011 4 19 10--4 A e reqmre ion current = I= - = --- ----= . x . 
t 60 

= 0.42 mA. 

14.4.3 Ion Channeling 

The projected range and straggle of the Gaussian distribution discussed pri:viousiy give a good description of 

◄ 

the implanted ions in amorphous or fine-grained polycrystalline substrates. Both silicon and gallium arsenide 
behave as if they were amorphous semiconductors, provided the ion beam is misoriented from the low-index 
crystallographic direction (e.g., < 111 > ). In this situation, the doping profile described by Eq. 25 is followed closely 
near the peak and extended to one or two decades below the peak value. This is illustrated19 in Fig. 18. However, 
even for a misorientation of 7° from the < 111 >-axis, there still is a tail that varies exponentially with distance as 
exp (-x/},.,), where'),., is typically on the order 0.1 µm. 

The exponential tail is related to the ion-channeling effect. Channeling occurs when incident ions align with 
a major crysta!Jographic direction and are guided between rows of atoms in a crystal. Figure 19 illustrates a 
diamond lattice viewed along a < 11 O>-direction. 23 Ions implanted in the < 11 0>-direction will follow trajectories 
that will not bring them close enough to a target atom to lose significant amounts of energy in nuclear collisions. 
Thus, for channeled ions, the only energy loss mechanism is electronic stopping and the range of channeled ions 
can be significantly larger than it would be in an amorphous target. Ion channeling is particularly critical for low­
energy implant and heavy ions. 

Channeling can be minimized by several techniques: a blocking amorphous surface layer, wafer 
misorientation, and creating a damage layer in the wafer surface. The usual blocking amorphous layer is simply a 
thin layer of grown silicon dioxide (Fig. 20a). The layer randomizes the direction of the ion beam so that the 
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Fi~. 18 Impurity profile obtained in a purposely misoriented target. Ion beam is incident 7° from the <11 l>-axis.
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Fi~. 1 t) Model for a diamond structure, viewed along a < 110> axis. 23 
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Fig. 20 (a) Implant through an amorphous oxide layer, (b) misorientation of the beam direction to all crystal axes, and 
(c) predamage on the crystal surface. 

i~ns e
0
nter the wafe~ at different angles and not directly down the crystal channel~. Misorientation o~ the wafers 

5 ~IO from the maJor plane also has the effect of preventing the ions from entenng the channels (Fig. 20b). With 
this met?od, most implantation machines tilt the wafer by 7° and then apply a 22° twist from the flat to prevent 
cha~elmg. Predamaging the wafer surface with a heavy silicon or germanium implant cre~te~ a r~ndomizing 
layer m the wafer surf ace (Fig. 20c). This method however increases the use of the expensive ion 1mplantor and 
produces point defects that become leakage path; during s~bsequent processing. 

► 14.5 IMPLANT DAMAGE AND ANNEALING 

14.5.1 Implant Damage 

When energetic ions enter a semiconductor substrate, they lose their energy in a series of nuclear and electronic 
collisions and finally come to rest. The electronic-energy loss can be accounted for in terms of electronic 
excitations to higher energy levels or of the generation of electron-hole pairs. However, electronic collisions do not 
displace semiconductor atoms from their lattice positions. Only nuclear collisions can transfer sufficient energy 
to the lattice that host atoms are displaced, resulting in implant damage (also called lattice disorder).24 These 
displaced atoms may possess large fractions of the incident energy, and can in tum c~use cascades of secondary 
displacement of nearby atoms to form a tree of disorder along the ion path. When the displaced atoms per unit 
volume approach the atomic density of the semiconductor, the material becomes amorphous. 

The tree of disorder for light ions is quite different from that for heavy ions. Much of the energy loss for 
light ions., 11 B+ in silicon (e.g) is due to electronic collisions (see Fig. 16), which do not cause lattice damage. The 
ions lose their energies as they penetrate deeper into the substrate. Eventually, the ion energy is reduced below the 
crossover energy (IO keV for boron) where nuclear stopping becomes dominant. Therefore, most of the lattice 
disorder occurs near the final ion position. This is illustrated in Fig. 2 la. 

We can estimate the damage by considering a 100 keV boron ion. Its projected range is 0.31 µm, (Fig. I 7a). 
and its initial nuclear energy loss is only 3 eV/A (Fig.16). Since the spacing between lattice planes in silicon is about 
2.5 A, this means that the boron ion will lose 7.5 eV for each lattice plane because of nuclear stopping. The energy 
required to displace a silicon atom from its lattice position is about 15 eV. Therefore, the incident boron ion does 
not release enough energy from nuclear stopping to displace a silicon atom when it first enters the silicon substrate. 
When the ion energy is reduced to about 50 keV (at a depth of 1500 A), the energy loss due to nuclear stopping 
increases to 15 eV for each lattice plane (i.e., 6 eV/ A), sufficient to create a lattice disorder. Assuming that one 
atom is displaced per lattice plane for moves roughly 25 A from its original position, the damage volume is 
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Fig. 2 I Implantation disorder caused by (a) light ions and (b) heavy ions.2
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~ven by VD= 7r (25 A)2( I ~00 A)=3 x 10·18 cm3
. The damage density is 600/VD = 2 x 1020 cm·3, which is only 0.4% 

of the atoms. Thus, very high doses of light ions are needed to create an amorphous layer. 
For heavy ions, the energy loss is primarily due to nuclear collisions; therefore, we expect substantial damage. 

Consider a 100 keV arsenic ion with a projected range of 0.06 µm or 60 nm. The average nuclear energy loss over 
the entire energy range is about 1320 eV/nm (Fig. 16). This means that the arsenic ion loses about 330 eV for each 
lattice plane on the average. Most of the energy is given to one primary silicon atom. Each primary atom will 
subsequently displace 22 target atoms (i.e., 330 eV/15 eV). The total number of displaced atoms is 5280. Assuming 
a range of 2.5 nm for the displaced atoms, the damage volume is VD= n (25 nm)2( 60 nm)= 10·18 cm 3. The damage 
density is then 5280/VD = 5 x 1021 cm·3, or about 10% of the total number of atoms in VD. As a result of the heavy­
ion implantation, the material has become essentially amorphous. Figure 2lb illustrates the situation where the 
damage forms a disordered cluster over the entire projected range. 

To estimate the dose required to convert a crystalline material to an amorphous form, we can use the criterion 
that the energy density is of the same order of magnitude as that needed for melting the material (i.e .. 1021 keV/cm3

) . 

For 100 keV arsenic ions, the dose required to make amorphous silicon is then 

(I021 keV / cm3)R 
S = P =6 xJ013 ions / cm2 . 

Eo 
(32) 

For 100 keV boron ions, the dose required is 3 x 1014 ions/cm2 because R,, for boron is five times larger than for 
arsenic. However, in practice, higher doses (> I 016 ions/cm2

) are required for boron implantation into a target at 
room temperature because of the nonuniform distribution of the damage along the ion path. 

14.5.2 Annealing 

Because of the damaged region and the disorder cluster that result from ion implantation, semiconductor 
Parameters such as mobility and lifetime are severely degraded. In addition, most of the ions as implanted are not 
located in substitutional sites. To activate the implanted ions and restore mobility and other material parameters, 
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we must anneal the semiconductor at an appropriate combination of time and temperature. Annealing is a heat 
treatment that ~lters the microstructure of a material, causing changes in pr~p~rties. . 

In convent~onal ~nnealing, we use an open-tube batch-f umace system s1mtlar to that for thermal oxidation. 
The wafers are man isothermal environment: the furnace walls are at the same temperature as the ~afers. This 
process requires long time and high temperature to remove the implant damages. Ho~ever,_ conventional annealin 
may cause substantial dopant diffusion and cannot meet the requirement for shallow Junctions and narrow doping 
p~ofiles. Rapid ~ermal annealing (RTA) is an annealing process that employs a vari~ty of ener~ sources with a g 
wide range o~ limes, from I 00 seconds down to nanoseconds- all short compared with conventional annealing. 
RTA can activate the dopant fully with minimal redistribution. 

Conventional Annealing of B and p 
Ann~ling characteristics depend on the dopant type and the dose involved. Figure 22 sh_ows the annealing 
behaviors of boron and phosphorus implantation into silicon substrates.22 The substrat~ 1s held at room 
temperature (T,) d~ring implantation. For a given ion dose, the annealing temperatu~e ts_ defined as t~e 
tempe~ature at which 90% of the implanted ions are activated by a 30-minute annealmg m ~ conventional 
annealmg furnace. For boron implantation, higher annealing temperatures are needed for higher doses. ~or 
phosphorus at lower doses, the annealing behavior is similar to that for boron. However, when the dose 1s greater 
th~n 10

15 
cm-2

, the annealing temperature drops to about 600 °C. This phenomenon is related to the solid-phase 
epitaxy process. At phosphorus doses greater than 6 x J 014 cm-2 the silicon surface layer becomes amorphous. The 
single-crystal semiconductor underneath the amorphous layer serves as a seeding area for recrystallization of the 
amorphous layer. The epitaxial-growth rate along the <100> direction is 10 nm/min at 550°C and 50 nm/min at 
600 °C, with an activation energy at 2-4 eV. Therefore, a 100-500 nm amorphous layer can be recrystallized in a few 
minutes. During the solid-phase epitaxial process, the impurity dopant atoms are incorporated into the lattice sites 
along with the host atoms; thus, full activation can be obtained at relatively low temperatures. 
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Fig. 22 Annealing temperature versus dose for 90% activation of boron and phosphorus. 
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Fig. 23 Rapid thermal annealing system that is optically heated. 

Rapid Thermal Annealing . 
A rapid thermal annealing system with transient lamp heating is shown in Fig. 23. Typical l~mps 1~ a RTA syStem 
are tungsten filaments or arc lamps. The processing chamber is made of quartz, silicon carbide, stamless steel, or 
aluminum, and has quartz windows through which the optical radiation passes to illuminate the wafer. The wafer 
holder is often made of quartz and contacts the wafer in a minimum number of places. A measu_rement system 
is placed in a control loop to set wafer temperature. The RTA system interfaces with a gas-_handlmg syst~m and 
a computer that controls system operation. Typically, wafer temperature in a RTA system 1s measured with a 
noncontact optical pyrometer that determines wafer's temperature. 

In RTA, wafer is heated quickly under atmospheric conditions or at low pressure. However, the wafer is not 
in thennal equilibrium with its environment. The tungsten-halogen lamps (1500---2500 °C) are much hotter than 
the wafers (600---1100 °C)25

·
26 and the chamber walls (20---500 °C) are usually much cooler than the wafer. It is these 

temperature differences that permit rapid heating and cooling of the wafer. Because of the high temperatures 
of both the wafer and the lamps, the physics of RTA is dominated by radiation heat transfer, and the optical 
properties of the wafer and the chamber play an important part in the behavior. 

One key advantage of RTA for ion implanted layers is the ability to reduce transient-enhanced diffusion. 
Transient-enhanced diffusion is the very large increase in dopant diffusivity in ion-implanted silicon, which is 
from the large excess of point defects that result from the ion implantation process. The phenomenon is especially 
severe for boron doping, since boron is already a fast diffuser, and its diffusivity is increased by silicon interstitials. 
Transient-enhanced diffusion effects are more severe at lower temperatures, because the degree of the excess of 
silicon interstitials over the equilibrium value (super-saturation) is greater at lower temperatures than higher ones. 
As a result, annealing at higher temperatures reduces the effects of transient-enhanced diffusion, so long as the 
heating cycle can be kept sufficiently short. 

A comparison between conventional furnace and RTA technologies is shown in Table 2. To achieve short 
Processing times using RTA, trade-offs must be made in temperature and process uniformity, temperature 
measurement and control, and wafer stress and throughput. In addition, there are concerns over the introduction 
of electrically active wafer defects during the very fast ( I 00°-300°C/s) thermal transients. Rapid heating with 
temperature gradients in the wafers can cause wafer damage in the form of slip dislocations induced by thermal 
stress. On the other hand, conventional furn ace processing brings with it significant problems, such as particle 
generation from the hot walls, limited ambient control in an open system, and a large thermal mass that restricts 
: ntrolled h_eating times to tens of minut~s. In fact, r~quire1:1ents on contamination, process control, and cost of 

~nufactunng floor space have resulted m the paradigm shift to the RTA process. 
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_Other Applications of Rapid Thermal Processing . . 
~apid thennal processing (RTP), which includes RTA, is a key technology in the fa?ncatwn of advan~d 
mtegrated circuits, with a wide range of applications. In addition, for ion implantat10n dama~e annealmg and 
dopant activation, RTP is aJso used for metal silicide and nitride formation, dielectric format10n and annealing, 
and reflow of deposited oxides. 26 Typical RTP systems use radiant energy sources, ~fte? tungs_ten-~alog~n 
lamps, to heat a wafer to a high temperature for a period of less than a minute. Shrmking device d1mens1ons 
and increasing wafer diameters are expected to make the use of RTP even more widespread as a result of its low 
t~enna! budget, '.ast cycle time, and compatibility with single-wafer processing. New applica!ions, including gate 
d1electnc fonnat1on and rapid thermal chemical vapor deposition (RTCVD), are also emergmg. 

TABLE 2 TECHNOLOGY COMPARISON 
Determinant Conventional furnace 

Process Batch 
Furnace Hot-wall 
Heating rate Low 
Cycle time High 
Temperature monitor Furnace 
Thennal budget High 
Particle problem Yes 
Uniformity and repeatability High 
Throughput High 

Millisecond Annealing 

Rapid thermal annealing 

Single-wafer 

Cold-wall 

High 

Low 

Wafer 

Low 

Minimal 

Low 

Low 

As devices have scaled down to below 40 nm technology node, even l nm of diffusion is significant for ultra­
shallow junctions. The requirement of much less diffusion leads lo the nc-~d for millisecond-duration heating cycles 
during annealing. Adequate implant damage annealing and dopant <tctiva~io:i in :nil\isecond heating push the 
annealing peak temperature somewhat below the melting point of siiicon. 

The peak-temperature time for conventional RTP systems is usually iimiied by the maximum cooling rate of 
the wafer and the time to switch off the heating energy source. These factors typically limit the peak-temperature 
time to I second. With the use of arc lamp energy sources, which can be switched off very fast, the spike width can 
be reduced to~ 0.3 second, but this is not short enough to meet future requirements. 

For millisecond annealing, the wafer is rapidly heated with a fast ramp to an intermediate temperature and 
then a very short, high-energy pulse from an array of powerful water-wall flash-lamps produces a temperature 
jump on the whole front surface of the wafer. This condition allows extremely fast cooling through conduction of 
heat away from the surface into the bulk of the wafer. The nature of the heating cycle is illustrated in Fig. 24. The 
ability to adjust the intermediate temperature and the magnitude of the temperature jump provide flexibility in 
tuning the amount of diffusion relative to the amount of activation. 
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Fig. 24 The heating cycle of millisecond annealing. 

► 14.6 IMPLANTATION-RELATED PROCESSES 

Impurity Doping 495 

In this section w_e con~ider a few ~mplantation-related processes, such as multiple implantation, masking, high­

angle implantation, high-energy implantation, and high- current implantation. 

14.6.1 Multiple Implantation and Masking 

In many applications, doping profiles other than the simple Gaussian distribution are required. One such case 

is the preimplantation of silicon with an inert ion to make the silicon surface region amorphous. This technique 

allows close control of the doping profile and permits nearly 100% dopant activation at low temperatures, as 

discussed previously. In such a case, a deep amorphous region may be required. To obtain this type of region, we 

must make a series of implants at varying ion energies and doses. 

Multiple implantation can also be used to form a flat doping profile, as shown in Fig. 25. Here, four boron 

implants into silicon are used to provide a composite doping profile. The measured carrier concentration and that 

predicted using range theory are shown in the figure. Other doping profiles, unavailable from diffusion techniques, 

can he obtained by using various combinations of impurity dose and implantation energy. Multiple implants have 

been used to preserve stoichiometry during the implantation and annealing of GaAs. This approach, whereby 

equal amount of gallium and 11-type dopant ( or arsenic and p-type dopant) are implanted prior to annealing, has 

resulted in higher carrier activation. 
To form p-11 junctions in selected areas of the semiconductor substrate, an appropriate mask should be used 

for the implantation. Because implantation is a low-temperature process, a large variety of masking materials can 

be used. The minimum thickness of masking material required to stop a given percentage of incident ions can be 

estimated from the range parameters for ions. The inset in Fig. 26 shows the profile of an implant in a masking 

material. The dose implanted in the region beyond a depth cl (shown shaded) is given by integration of Eq. 25 as 
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Fig. 25 Composite doping profile using multiple implants.27 

From Table I we can derive the expression 

J
oo 2 J; 

e -y dy = - erfc(x). 
X 2 

Therefore, the fraction of the dose that has "transmitted" beyond a depth d is , i\ Cll by the transmission 
coefficient T: 

(33) 

(34) 

(35) 

Once Tis given, we can obtain the mask thickness d from Eq. 35 for any given R,, and a,,. 
The values of d to stop 99.99% of incident ions (T = I 04

) are shown in Fig. 26 for SiO,, Si
3
N

4
, and a 

photoresist as masking materials. 19
'
25 Mask thicknesses given in this figure are for boron, phosphorus, and arsenic 

implanted into silicon. These mask thicknesses also used as guidelines for impurity masking in gallium arsenide. 
The dopants are shown in parentheses. Since both RP and (1i, vary approximately linearly with energy, the 
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minimum thickness of the masking material also increases linearly with energy. In certain applications, instead of 

totally stopping the beam, the masks can be used as attenuators, that can provide an amorphous surface layer to 

the incident ion beam to minimize the channeling effect. 

► EXAMPLE4 

When boron ions are implanted at 200 keV, what thickness of SiO2 will be required to mask 99.996% of the 

implanted ions (RP= 0.53 µm, CJP = 0.093 µm)? 

SOLUTION The complementary error function in Eq. 35 can be approximated if the argument is large (see Table 1 ): 

l 

1 e-11 

r~--- 2/; u ' 

where the parameter u is given by (d - R)l✓2a". For T = I 0·4, we can solve the above equation to give 

11 == 2.8. Thus, 

d = R" + 3.96o;, = 0.53 + 3.96 x 0.093 = 0.898 µm. ◄ 
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14.6.2 TIit-Angie Ion Implantation 

ln scaling devices to submicron dimensions, it is important also to scale dopant prof~es ~erticall~. We need to 
pr~uc:e junction depths less than 15 nm for the 28 nm technology node, including ~hff usion durmg _dopant 
activ~hon ~d subsequent processing steps. Modern device structures, such as the lightly doped dram (LDD), 
reqwre precise control of dopant distributions vertically and laterally. . 

It is the ion velocity perpendicular to the surface that determines the projected range of a~ implanted ion 
d~stributio_n. If the wafer is tilted at a large angle to the ion beam, then the effective ~on ener~y-1s gre~tly reduced. 
Figure 27 illustrates this for 60 keV arsenic ions as a function of the tilt angle, showmg that 1t 1s possible to achieve 
extremely shallow distributions using a high tilt angle (86°). In tilt-angle ion implantation, we should consider 
the shado_w effect ~inset in Fig. 27) for the patterned wafer. A lower ti~t angle lead~ ~o ~ sma~l shadow a~ea_. For 
example, if the height of the patterned mask is 0.5 µm, with vertical sidewalls, a 7. mc1dent ~on beam will mduce a 
61 nm shadow. This shadow effect may introduce an unexpected series resistance m the device. 

14.6.3 High-Energy and High-current Implantation 
Hig~-en~rgy implantors, capable of energies as high as 1.5-5 MeV, are available and have been u_sed for so~e novel 
applications. The majority of these depend on the ability to dope the semiconductor to many micrometers m 
depth, without the need for long diffusion times at high temperatures. High-energy implantors can also be used to 
produce low-resistivity buried layers. For example, a buried layer 1.5-3 µm below the surface for a CMOS device 
can be achieved by high-energy implantation. 

High-current implantors (10-20 mA) operating in the 25-30 keV range are routinely used for the predeposition 
step in diffusion technology because the amount of total dopant can be controlled precisely. After the 
predeposition, the dopant impurities can be driven in by a high-temperature diffusion step at the same time that 
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0 10 20 30 40 50 

Depth (nm) 

60 70 80 

Ion beam 

I-
Shadow 

area 

Substrate 

Fig. 27 60 keV arsenic implanted into silicon, as a function of beam tilt angle. Inset shows the shadow area for tilt­
angle ion implantation. 
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Fig. 28 Threshold volt d' . . . · is age a Justment usmg boron 100 implantation. 

implant damage at t~e surface region is annealed out. Another application is the threshold voltage adjuStment in 

11.fOS devi~s. ~ pr~1sely controlled amount of dopant (e.g., boron) is implanted through the gate oxide to th~ 

channel region_ (Fig: 2~a). Because the projected range of boron in silicon and silicon oxide are compara~le, if 
we choose a smtabl~ mcident ener~, the ions will penetrate just the thin gate oxide, not the thicke~-field oxt~~-The 
thfeShold vol~ge will vary approXImately linearly with the implanted dose. After boron implantatto~, polysihcon 
can be deposited and patterned to form the gate electrode of the MOSFET. The thin oxide surroundmg the gate 

electrode is remo~ed, and the source and drain regions are formed as shown in Fig. 28b by another high-dose 
arsenic implantation. 

High-current implantors with energies in the 150-200 keV range are now available. A major use for these 
machines is to form a buried silicon dioxide layer by implanting oxygen ions into a silicon substrate followed 
by a thermal annealing process. This separation by implantation of oxygen (SIMOX) is a key SOI (silicon-on­
insulator) technology. The SIMOX process as shown in Fig. 29 uses a high-energy o+ beam, typically in the 150 
to 200 keV range, so that the oxygen ions have projected ranges of 100-200 nm. A heavy dose, 1-2 x 10

18 
ions/cm

2
, 

is used to produce an insulating layer of Si02 that is 100-500 nm thick. The use of SIM OX material leads to a 
significant reduction of source/drain capacitances in MOS devices. Moreover, it reduces coupling between devices 
and thus allows tighter packing without the problem of latchup. It is widely proposed as the material of choice for 

advanced, high-speed CMOS circuits. 

Oxygen implant 

Si wafer ___ s_i_w_a_fe_r __ .... P Silicon dioxide 

t 
Oxygen-rich layer ~ 

Si wafer I 
Fig. 29 The SIMOX process for SOI wafer. 
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Currently, 10%-20% of SOI wafers are made by the SI MOX process and 80%-90% are made by Smart Cut 
technology, which utilizes wafer bonding and layer transfer from a donor or seed wafer to a support handle wafer. 
The Smart Cut technology is shown in Fig. 30. A seed wafer is oxidized to a desired thickness. The next step is a 
hydrogen implantation through the oxide and into Si with a dose that is typically greater than 5 x l 0

16 
cm-

2
• After 

the implantation, the seed wafer and the handle wafer are carefully cleaned in order to eliminate any particles and 
surface contaminants, and to make both surfaces hydrophilic. Wafer pairs are aligned and contacted. The wafer 
bonding relies on chemical assistance through hydrogen bonds and water molecules. There are a few monolayers 
of water trapped between two native oxide films immediately after the wafers are fused together. When the bonded 
wafer pair is heated to high temperature, the water will diffuse through the thin oxide to the Si interfaces to form 
more oxide. Finally, a complete closure of the interface occurs by coupling of the interface hydroxyl species and 
liberates hydrogen into the Si bulk. 

The bonded wafer pairs is loaded into a furnace and heated to a temperature of 400°-600°C, at which point 
the wafers split along the hydrogen implanted plane. The mechanism for splitting is that sufficient high-dosage 
hydrog~n implantation will produce a sufficiently high density of platelets or microcavities. Microcavities ~row to 
form nucrocracks and eventually lead to splitting of a thin layer away from the main substrate. The as~spht wafer 
surface has a mean roughness of a few nanometers. A light touch-polish or other surface treatment bnngs the 
same surface roughness as in the standard bulk Si. The SOI technology can reduce not only the parasitic device 
capacitance but also the short channel effects, and thereby improve performance of scaled devices. 

Si wafer A 

i Sm-face oxidation 

Si wafer A 

i Hydrogen implant 

Si wafer A .__ __ _ 
i Cleaning and bonding 

V .I~Je.M ~s 
;:::::: 

Si wafer B 

Heat treatment 
and break 

(_., .,.Y, !?J!"..A\l~ *""' .J 

Si ·wafer B 

Polishing 

Si wafer B 

Fig. 30 The Smart Cut process for SOI wafer. 
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·on and ion implantation are the t k 
tion for c t · . wo ey methods r . · . . . . on equa ons ant d1ffus1vity u , b . 101 11npunty doping. We first considered the basic 

th t t r · vve O tam th • on for e cons an - sur1ace-concenti· t· e complementary error function (erfc) and the Gaussian b a ton case a1 d I f 
·on process can e evaluated by nle 1 constant-total-dopant case respectively. The resu ts 0 

asurements r h . . ' 0 
t e Junctton depth the sheet resistance, and the dopant VJhen the doping concentration is higher ti . . 

ture, the difl'usivity becomes cone t ~an the mtnnsic carrier concentration n. at the diffusion . fi en ration dep d T . ' h · g dopmg pr? ile. ~or example, arsenic and en _ent. . _h!s d_ep~n_dence has profoun~ effect~ on t ~ tration. Their dopmg profiles ar·e I boron ditfus1v1ttes m s1hcon vary lmearly with the unpunty muc1 more b h • · · · 
varies as the square of concentrat' T . a rupt t an the erfc profile. Phosphorus_ d1ff us1v1ty m ·vi·ty that is 100 times larger than •t

1
~n . . hi_s d~pendence and a dissociation effect give nse to a phosphorus 1 s mtnns1c d1ff · · Lateral diffusion at the edge of a mask . ~s•vity.. . diffusion can have an important im a

nd 
unpu_nty redistribution during oxidation are tw:o processes m down voltage, and the latter will inflpact on device performance. The former can substan_tially reduce the eke parameters for ion im 1 ~ence the thres?old voltage as well as the contact r~s1~tance. Th_ ~ tr 01 Th • 1 P ~ntatton are the proJected range R and its standard dev1at10n <JP, also calJed proJect hs a~ e. fe htmp a~tatton profile can be approximated by a Gaussian distribution with peak located 

from t e suriace o t e sem1conduct b • • · 1 f h or su Strate. The advantages of 10n 1mplantatton process are more 
· contro o t e amount of dopant · • · .th h d:"" . , a more reproducible dopmg profile, and lower processmg temperature 

WI t e 111 us1on process. 

considered ~ P _an_d <JP ~or various elements in silicon and gallium arsenide and discussed the channeling and way~ to ffil1ltmJze this effect. However, implantation may cause severe damage to the crystal lattice. mnove the IIllplant dama~e and to restore mobility and other device parameters, we must anneal the · ?ductor at an appropn_ate combination of time and temperature. Currently, rapid thermal annealing IS preferred to conventional furnace annealing because RTA can remove implant damage without thermal · g of the doping profile. 
Ion implantation has wide applications for advanced semiconductor devices. These include (a) multiple tation to form novel distributions, (b) selection of masking materials and thickness to stop a given tage of incident ions from reaching the substrate. (c) tilt-angle implantation to form ultrashallow junctions, high-energy implantation to form buried layers, and (e) high-current implantation for predeposition and old voltage adjustment and to form an insulating layer for SOI applications. 
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