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SEMICONDUCTOR DOPING

Movement of atoms or molecules in gaseous, liquid, or solid
materials induced by a concentration gradient is called diffu-
sion. Diffusion processes are widely encountered in fabrica-
tion of semiconductor devices in silicon integrated circuits
(ICs) during growth of various layers (epitaxy, oxidation), de-
position (evaporation, chemical vapor deposition), etching,
and doping.

We will focus on the doping processes, as they are critical
steps in p—-n junction formation used in all Si devices. These
processes take place at high temperatures to facilitate atomic
motion in the silicon crystal. The objective of these steps is to
create dopants such as acceptors, when impurities from group
IIT of the periodic table are used, or donors, when from group
V. By replacing silicon atoms at their substitutional positions
in the crystalline lattice, these dopants become ionized and
create free charge carriers: holes in p-type Si or electrons in
n-type Si. The ionization process requires small energy, of a
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Figure 1. Doping of silicon for fabrication of integrated circuits is
performed using a patterned oxide mask. Dopants from groups III
and V are used to selectively form p—n junctions in electron devices.

few tenths of electron volts, with acceptor levels that are close
to the valence and donors to the conduction band edge, re-
spectively. The dopant and carrier concentrations can be
equal at room temperature if silicon is free of crystallographic
defects such as dislocations, stacking faults, or precipitates
that might trap dopants and/or carriers.

Doping is used to locally introduce impurity atoms into a
silicon substrate through a patterned oxide layer that acts as
a mask (Fig. 1). Doped layers, in silicon technology, have been
traditionally produced by diffusion from gaseous, liquid, or
solid dopant sources to form a layer of a pure dopant or of its
compounds directly on the substrate. Surface doping creates
a concentration gradient at the surface that, at high process
temperatures, causes the movement of atoms into the crystal
bulk.

The diffusion processes were later replaced by ion implan-
tation, due to its better concentration control. Implantation
is followed by thermal annealing for dopant activation and
redistribution. Even though ion implantation is used as the
source of dopants in IC fabrication, diffusion still plays an
important role, since concentration gradients are always pres-
ent in the doped layers, which cause diffusion during high-
temperature annealing.

At present, there is a revived interest in diffusion in very
large scale integration (VLSI) and ultra large scale integra-
tion (ULSI) ICs, because of submicron sizes of individual de-
vices and consequently more stringent requirements for ultra-
shallow dopant distributions, even though low-energy ion
implantation is being used. New short-time processes are pro-
posed to produce ultrashallow junctions without crystallo-
graphic defects in the Si substrate. Among these doping tech-
niques are gas or solid phase diffusion in rapid thermal
processing, laser-induced doping from the gas phase, and
plasma immersion ion implantation (1). For device fabrica-
tion, it is important that these ultrashallow junctions be inte-
grated with the contact layers.

Dopant diffusion occurs by interaction with native point
defects (2): silicon interstitials and vacancies that facilitate
lattice site exchanges. Analyses of the diffusion processes
must include the role of these defects, which if present at ex-
cess concentrations, may dominate thermal diffusion. In spite
of long experience with diffusion processes in microelectronics
and well-documented research data, the task of correctly
modeling dopant diffusion for different atoms in various pro-
cessing conditions is formidable and far from being perfected.

FORMALISM OF DIFFUSION

Mathematically, the diffusion process, for the one-dimen-
sional case, is described by Fick’s first law,

_DdC(x, t)

J= dx

)]

which relates the number of diffusing atoms per unit area per
unit time, known as the net flux J/, with their gradient. The
material parameter known as the diffusion coefficient D
changes with temperature according to the Arrhenius expres-
sion

D =D,exp <_k—l§,A> (2)

where D, is a constant and E, is the activation energy, which
depends on the matrix (crystalline or noncrystalline Si, oxide,
or silicides), impurities, and ambient gas. The diffusion coef-
ficient will be presented later in more detail in the context of
atomistic diffusion models of various dopants. The minus sign
in Eq. (1) indicates dopant motion from high to low concentra-
tions.
Combining Fick’s first law with the continuity equation

0Cex. t) 3

ot ax @)

which links the spatial and time distributions of dopant, we
obtain Fick’s second law in the most general form for the one-
dimensional case:

0@ t) 9 (D @
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At low doping levels, the diffusion coefficient may be indepen-
dent of position, thus leading to

aC (x, t) _DaZC(x, t)

ot dx2 )

This second-order differential equation does not have a gen-
eral solution, but analytical solutions can be obtained by
applying correct boundary conditions for specific diffusion
processes.

A typical sequence in diffusion processes is composed of
two steps: predeposition (prediffusion) and redistribution (re-
diffusion or drive-in). The first is performed with a constant
dopant concentration at the surface (C,) determined by the
solid solubility (3,4) of dopants in Si at diffusion temperature
(Fig. 2). The source of dopant here provides an unlimited sup-
ply to the Si surface to reach the solubility limits. The bound-
ary conditions for this process, for the one-dimensional case,

Cx,0)=0
C(0, ¢t) =Cs (6)
C(oo,t) =0

give the solution of Fick’s second law in the form of a comple-
mentary error function

C(x, t) = Cserfe (%) (7

Here, VDt is known as the characteristic diffusion length
that describes the profile steepness.

An important parameter of the doped layers is the junction
depth, defined as a distance from the Si surface where the
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Figure 2. Solid solubility of dopants in silicon as a function of tem-
perature. Dashed lines are calculated using thermodynamic parame-
ters (3).

incoming dopant and substrate concentrations are equal. It
can be calculated directly from the prediffusion profiles of ob-
served dopant penetration when C(x,t) = C,,, as a function of
prediffusion process time:

x; = 2Dt erfc! (%) (8)

S

Linear dependence of the junction depth on Vt indicates
that the diffusion coefficient D is constant. This is true in in-
trinsic processes, that is, where dopant concentrations are
lower than intrinsic carrier concentrations n; at the diffusion
temperature. On the contrary, at high doping levels D de-
pends on impurity concentration. For such extrinsic processes,
a general form of Fick’s second law has to be used [Eq. (4)]
with no analytical solution. Each dopant shows a different
diffusion enhancement that is determined by its mechanisms
of atomic motion via point defects.

Another important parameter in the prediffusion process
is the total dose of the introduced dopant, @ (cm?), obtained
by profile integration:

Qr(t) = /Oo C(x, t)dx = %C(O, $)vDt 9)
0

@ increases with the prediffusion time, thus becoming a
more efficient dopant source for the subsequent drive-in pro-
cess. The dose obtained in prediffusion remains constant dur-
ing rediffusion, since there is no new supply of dopant to the
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semiconductor surface (limited source diffusion). Distribution
of dopant C(x) changes with increasing time, resulting in
deeper and less steep profiles. To find C(x) after the redistri-
bution process the following boundary conditions should be
used in Fick’s second law:

dC(0, t)
bt S IS )
dx
C(o0, ) =0 (10)
/ C(x, t)dz = Qq
0
The solution is a Gaussian function:
Cx, t) = ie—*/“’f for >0 (11)

Dt

where D is the diffusion constant of the drive-in process and
t is the process duration. The surface concentration

Qr
Dt

decreases with time due to the dopant motion, which also in-
creases the junction depth:

_ _Qr
x; = \/4Dt1n (CB«/Jt—Dt>

Distributions of dopants obtained in prediffusion and
drive-in processes, respectively, for intrinsic semiconductors
are shown in Fig. 3.

Ideal Gaussian distribution may not be appropriate for
processes performed for short redistribution times and long
predepositions when the ratio of their diffusion lengths is
larger than 4. The prediffusion profile cannot be approxi-
mated by the step function, and the expression for the pro-
files after drive-in steps (5) will be described by the Smith
function.

At high dopant levels in drive-in steps, similarly to the pre-
diffusion anomalies, due to dependence of the diffusion con-
stant on concentrations, the Gaussian function is not a valid
solution of Fick’s second law. In these cases dopant profiles
are deeper than in the intrinsic diffusion processes. These is-
sues will be discussed later for specific dopants in Si using
proposed diffusion mechanisms.

C;=C(0,1t) =

(12)

(13)

REALIZATION OF THE DIFFUSION PROCESSES

Diffusion processes used for junction fabrication have been
designed as a sequence of prediffusion and drive-in. In early
technologies, pure dopant layers were used as sources, but
they were later abandoned due to problems related to surface
damage (pitting) and doping nonuniformity. Next, new
sources were introduced as doped oxides (SiO,-B,0;,
Si0, - P,O;, etc.) fabricated by growth or deposition processes.
Dopant concentrations in these sources were usually high in
order to reach the solid solubility limits in Si, and thus to
ensure process reproducibility and control of the prediffusion
step. Traditionally, various gaseous (PH;, AsH;, BCly), liquid
(POC1;, BBry), or solid dopant sources were used. At high tem-
peratures, the doped oxides in reaction with Si released dop-
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Figure 3. Dopant distributions obtained during diffusion processes
at fixed temperatures with varying process time. (a) Prediffusion is
described by the erfc function. Increasing process duration causes
deeper dopant penetration with the fixed surface concentration deter-
mined by the solid solubility. (b) Gaussian distribution is obtained
after drive-in processes where limited dopant supply (constant Qr)
results in decreasing concentrations at the surface and larger junc-
tion depths for longer processes.

ants available for solid-state diffusion

B,O, + g Si— 2B + ; Si0, (14)

P,0, + g Si— 2P + g Sio, (15)

Deposition of B,O; or P,O;5 on Si was done by their evapora-
tion, which was controlled by the dopant partial pressure via
the oxide temperature. Later, these sources were formed in
reactions of dopant vapors with oxygen from the ambient gas.

Dopant sources were also deposited as spin-on dopants
(SODs) such as silicates or siloxides with built-in dopant ox-
ides. Source preparation required spin coating of silicon wa-
fers followed by low-temperature baking to remove organic
solvents and form solid doped oxides. SOD sources have been
recently reported for a possible alternative technique for ul-
trashallow-junction formation in ULSI circuits (6). Other dop-
ant sources include solid dopant disks (7) made of compounds
(BN with a B,O; layer; bulk SiP;O; or AlAsO,) that decompose
at high temperatures to release the dopant oxides and trans-
port them to silicon wafers. A schematic of the prediffusion
steps using solid dopant sources for batch processing is shown
in Fig. 4.

The drive-in processes were usually realized at higher tem-
peratures, where diffusion coefficients were larger than in
prediffusion, so that the Gaussian profiles could be obtained.
The requirement of constant dose during redistribution was
realized by removal of the dopant source or its deactivation
by formation of the SiO, layer under the source. At high tem-
peratures, if the surface was not protected after source re-
moval, outdiffusion of dopant to the ambient could cause its
substantial loss (8).

The goal of drive-in was to create required dopant profiles
and to form a passivating layer for isolation and/or alignment
of subsequent doped layers or contacts. Therefore, in the re-
distribution step, the substrate was either oxidized or else an
oxide was deposited and followed by densification to ensure
good dielectric and chemical properties. However, oxidation
introduces a diffusion anomaly such as enhancement (P and
B) and retardation (Sb), as will be discussed later for specific
impurities.

In the submicron range of junction depths in VLSI or ULSI
circuits, if chemical source diffusion is used for doping, a one-
step process is preferred to the sequence of prediffusion and
redistribution. One-step diffusion was unacceptable for
deeper junctions because the high temperatures necessary to
reach the required depths, combined with the solid solubility
important for process reproducibility, would have introduced
undesirable high dopant concentrations into the doped layers.
In addition, lattice deformation and misfit dislocation forma-
tion (9) would have resulted from such process conditions.

ATOMIC MODELS OF DIFFUSION

Point Defects

Point defects (2,3,10) that affect dopant diffusion are the va-
cant sites (vacancies) in the crystal, with concentration Cy;
interstitials (i.e., atoms that reside between the host atoms),
with concentration Cj; and interstitialcies (i.e., pairs of non-
substitutional atoms that are placed about one substitutional
site). Diffusion (2,11) relies on the probability of defect forma-
tion and on the energy of thermally activated dopant atoms.
This is described by thermodynamical parameters (the en-
tropy AS and enthalpy AH) of the formation and the migra-
tion of vacancies and interstitials.

The formation of point defects depends on thermal oscilla-
tion of the host atoms, which increases with temperature. In
a bounded crystal, under thermal equilibrium conditions,
there are Cf thermally generated vacancies and Cf intersti-
tials per unit volume. Their concentrations are not equal, due
to their independent migration to the surface and subsequent
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Figure 4. Solid dopant sources used as planar disks that
release dopant oxides to be transported in the gas phase

to the silicon wafers (7). (a) P source decomposes during

(a) (b)

recombination. The surface can be also a source of point de-
fects from which generated defects can flow to the bulk crys-
tal. This is especially important under nonequilibrium condi-
tions, where populations of vacancies or interstitials are
controlled by chemical reactions of Si with the ambient gas,
as in Si oxidation and/or nitridation of Si or SiO, (oxynitrida-
tion); by bulk SiO, precipitates (12) caused by oxygen intro-
duced in Czochralski crystal growth; and/or by high dopant
concentrations (13), leading in particular to precipitation for-
mation. The V-I recombination process can be very slow due
to the energy barrier, so that vacancies and interstitials can
exist independently in the crystal.

Vacancies, but not interstitials, were identified experimen-
tally (14) at low temperatures in electron paramagnetic reso-
nance and deep-level transient spectroscopy measurements.
At high temperatures, corresponding to the diffusion pro-
cesses, interstitials have been characterized indirectly from
experiments on silicon diffusion (self-diffusion) combined with
platinum and gold diffusion results. Arrhenius dependence of
their concentration was deduced, with activation energy 3.2
eV. For vacancies, the range of their possible concentrations
was also obtained for high temperatures from positron anni-
hilation studies (15).

Point defects can have multiple charge states (2,11) that
are important for dopant diffusion and cause its enhancement
or retardation. Vacancies’ energy levels were identified as
0.57 eV and 0.11 eV below the conduction band for V- and
V7, respectively, and 0.05 eV and 0.13 eV above the valence
band for V* and V*7, respectively. Interstitial levels were also
found (16). Concentrations of the various charged defect
states, except for neutrals, depend on doping levels via the
Fermi level difference in the doped layer (E,) and in the in-
trinsic semiconductor (E})

c, E,—Ei
C i TP\ T

Using relations between carriers in semiconductors and their
Fermi levels, concentrations of charged defects can be ob-
tained:

(16)

C. n C. - n\2
C, ) n Co ) (n_) an
CX+ _ b Cx++ (P ?
C) n Cu) (n_> e

the diffusion process, and (b) B source relies on the initial
oxidation of BN and subsequent evaporation of B,0s.

Negatively charged defects increase with doping in n-type
silicon and decrease in p-type silicon, while positively charged
defects behave in the opposite manner.

Diffusion Mechanisms

Dopant atoms in the crystal during diffusion interact with
point defects as follows:

A+V = AV (19)
A+I=AI (20)
A+T=A, (21)

A=A +V (22)

and describe possible diffusion mechanisms of dopants as il-
lustrated in Fig. 5.

The vacancy mechanism [Fig. 5(a)l, where the atom inter-
acts with a vacancy and moves as a complex [Eq. (19)] rather
than by a single exchange process, was widely accepted in
early studies of Si self-diffusion. This diffusion mechanism
applied to dopants would result, however, in the same diffu-
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Figure 5. Atom diffusion processes include (a) vacancy mechanism,
(b) interstitialcy mechanism, which involves knockout of the host
atoms, and (c¢) interstitial mechanism.
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sion coefficients as for Si during self-diffusion. Since experi-
mentally observed diffusivities of dopants are larger and their
activation energies are smaller than those for Si, dopant—
defect pairs were postulated (2). It is important to notice that
the simple Coulombic attraction between the dopant and de-
fect does not explain the differences in activation energies,
and a non-Coulombic potential interaction beyond the third
nearest neighbor sites must be present if vacancy models are
to be used. The vacancy model, adapted for various dopants,
is still used in some process simulators.

The interstitialcy mechanism occurs when incoming atoms
create interstitials, which enhance the dopant motion [Fig.
5(b)], before entering a substitutional position. In the intersti-
tial mechanism atoms move between host lattice sites [Fig.
5(c)]. In both cases, increasing concentrations of point defects
leads to diffusion enhancement. The diffusing atom-—
interstitial (AI) defects do not dissociate, in contrast with
atom—vacancy (AV) partial dissociation. These models (kick-
out) were dismissed earlier on account of estimations that sili-
con interstitial formation requires very high energy. However,
Seeger and Chick (17) showed that the vacancy mechanism is
prevalent at low temperatures while interstitial-assisted dif-
fusion takes place at high temperatures. There is now over-
whelming evidence that interstitials play a crucial role in dif-
fusion of many dopants.

To create an electrically active dopant (i.e., an atom in the
substitutional position), the dopant—defect complex has to
split into the substitutional atom and defect. That contributes
to the excess vacancies or interstitials induced by dopant dif-
fusion. The supersaturation of point defects obviates the re-
quirement for additional effects, such as the growth of precipi-
tates (e.g. SiP), which form at high concentrations and release
interstitials from PI pairs.

Both the kickout and vacancy mechanisms [Eqgs. (20) and
(21)] show formation of dopant—defect complexes that control
dopant motion and result in different diffusivities for various
dopants. Discussion of specific diffusion mechanisms for vari-
ous dopants will be presented later.

Equilibrium Conditions

Intrinsic Semiconductors. Migration of defects and dopant—
defect complexes depend on the defect type and charges
(2,11,18). For instance, interstitials are fast-moving species
even at low temperatures (4.2 K), so that even their experi-
mental identification is difficult. Therefore, the role of point
defects should be included in the dopant flux. For equilibrium
conditions, at low concentration, the transport of dopant is
described by the following expression (2):

C v

o (23)

—Jy = dAV

where d,y and d, are the diffusivities of dopant-atom—
vacancy and dopant—interstitial defects, respectively. Local
equilibrium allows us to obtain the flux of dopants as

J, =—-D

aC,
A 24
A (24)

where Df = D¥; + D% is the measured diffusivity, which de-
pends on defect concentrations and diffusivities:

Cy c

Diy = dAVa and Dj; = dAIC;“: (25)

Each term of the diffusion constant, for every dopant, dis-
plays Arrhenius behavior with a different activation energy.
The change of C, with time, as occurs during diffusion, can
be calculated directly from the diffusion mechanisms for each
dopant—defect reaction, as summarized by Eqs. (19) to (23),
and results simply in Fick’s second law:

aC,
ot

* 826VA

A dx2 (26)

with the diffusion constant as in Eq. (24). This is valid in
intrinsic semiconductors under quasiequilibrium conditions.
It does not need or allow the specification of diffusion mecha-
nisms for the dopant. However, under nonequilibrium condi-
tions, where excess defect concentrations are generated at the
surface or in the bulk crystal, the types of point defects and
their concentrations have to be specifically known to describe
the diffusion process.

Extrinsic Semiconductors. At high dopant concentrations,
point defect populations change with the Fermi level [Eq.
(16)] and result in modification of the diffusivities responsible
for transport of dopant—defect complexes. Fick’s second law
[Eq. (26)] has to be revised to include dependence of the diffu-
sivity on dopant concentration:

C, 0

B . BCA>
= (0 @D

where (2,19)

2
Dy =h |:Dis,+x0 +Dj g ni +Djx - <n£> i| (28)

i i

with

-1/2
(29)

2
h 1+(£ [<C£> +1}
n; n;

which acts to additionally enhance the diffusivity of dopants
at high concentration levels. The coefficient A is determined
by ionized dopants, not by the dopant—defect complexes, since
they are considered to be at low concentrations compared to
the dopants. Because it represents the effect of electric field,
it produces drift of charged defect—dopant complexes. For low
dopant concentrations its role disappears, that is, A = 1.

Diffusion of dopants into extrinsic but uniformly doped
semiconductors does not experience any enhancement due to
the electric field, but only due to the defect density change. If
the indiffusing dopant is the same as that in the substrate,
its diffusion will be enhanced, while for other atoms it may
be retarded. Experiments that show slower diffusion of P and
Sb in highly doped p-type Si and of B in P-doped silicon were
explained (20) by dopant pairing (As—P, Sb—B, etc.), which
may slow down the motion of impurity atoms.



Nonequilibrium Conditions

Information about the diffusion mechanisms including va-
cancy and interstitial contributions can be deduced from non-
equilibrium processes. Here, point defects, that are generated
at the Si surface and recombine both in the bulk and on the
surface are of special interest in the fabrication of integrated
circuits.

Generation of interstitials is linked to the oxidation pro-
cess where interstitials are released to alleviate the stress in-
duced by large (about a factor of two) volume mismatch be-
tween the formed SiO, layer and the consumed silicon. Their
agglomeration on nucleation sites results in the formation of
oxidation-induced stacking faults (OISF) (9). Information
about the OISFs’ growth can be combined with enhancement
or retardation of diffusion, called oxidation-enhanced diffu-
sion (OED) and oxidation-retarded diffusion (ORD). The first
effect points at the interstitial diffusion mechanism; the sec-
ond one, at the vacancy-assisted mechanism.

Generation of vacancies occurs during nitridation of the
silicon substrate as indicated by the shrinkage of OISF's (21).
Dopants that show diffusion enhancement in these conditions
move by the vacancy-assisted mechanism, while those that
are retarded diffuse by interstitial defects.

Under nonequilibrium conditions but in steady state (as in
slow thermal processes), the mass action law describes the
point defect population as

CyC; = CyCt (30)
indicating that the increasing concentration of interstitials
causes depletion in vacancies due to increased recombination
between I and V (the asterisk denotes equilibrium). More ac-
curately, if the flux of vacancies that come from the surface
to compensate for their undersaturation is included, then
CyC; > C§Cf and shows that undersaturation of vacancies at
the surface is smaller than in the bulk, i.e., the surface be-
comes a source of vacancies (2).

Insight into the I and V concentrations comes from the con-
tinuity equations, which combine concentration changes in
time and space as well as generation and recombination reac-
tions. The excess concentration of interstitials, AC; = C; —
C¥, becomes AC; = gi/o; where gy is the generation rate re-
lated to the oxidation rate and o7 describes the surface loss
due to recombination. Loss of I at the surface can also result
from capture by kinks present at the Si surface. This effect
will be seen in effects of the Si orientation in OED experi-
ments.

Recombination of generated V and I in the bulk can occur
at the defect sites and is limited by the energy barrier. En-
hancement of interstitial loss can be due to trapping by dop-
ants or contaminants, such as C, that may be present in the
crystal. The action of carbon is related to interstitial suppres-
sion via formation of highly mobile CI pairs. This is consid-
ered beneficial for combating B diffusion enhancement and
may be included in the processing by addition of C via ion
implantation (22,23). C diffuses by the kickout mechanism
and does not generate nonequilibrium defects.

Of the nonequilibrium processes, especially interesting are
transient effects in diffusion, where the limited diffusivity of
defects results in a sharply nonuniform distribution of
dopant.
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Low Dopant Concentrations. At low doping levels under
nonequilibrium conditions the diffusion constants in Fick’s
second law depend on temperature only, not on concentra-
tions. The values of diffusivities for various dopants are deter-
mined by defects [see Eqs. (25) and (26)]. By defining the frac-
tional interstitial component (24) at thermal equilibrium,

*
DAI

= (31)
Dy + Dy

fAI

we can analyze diffusivity differences AD, between nonequi-
librium and equilibrium conditions, since f4; appears in the
measured diffusion constant

C C
D, =Dj ((1 ~fag + fAIC—i> (32)
v I

The direct relation between diffusion enhancement (AD,)
and excess interstitials (AC)) gives an estimation of the diffu-
sion enhancement (for large f,;) or retardation (for small f,;)
caused by these defects. Vacancy injection results in retarda-
tion (Ag) or enhancement (Ag) of the diffusion constants for
large and small f,;, respectively.

By measuring Ag and Ay for two different dopants under
identical process conditions, a bound on f,; was found as fa; >
1 — Ag/Ag for different dopants for < faa < fer = far. It has
been recently shown that the values of the interstitional fac-
tors can be calculated without any other assumptions than
local equilibrium (25) and that dopants can either diffuse by
interstitials (e.g. boron and phosphorus), so that f,; = 1, or by
vacancies (e.g. Sb), so that f,; = 0.

High Dopant Concentrations. An increase of defect popula-
tions that control a given doping mechanism results in en-
hanced diffusion, but the magnitude of the enhancement de-
pends on the fractional interstitial (vacancy) factor. This will
be discussed in the context of the oxidation and nitridation
processes.

DIFFUSION OF IMPURITIES

The fractional interstitial contribution has been a subject of
controversy for various dopants and Si diffusion. Self-diffu-
sion shows Arrhenius behavior with an activation energy of
about 5 eV, which is about 1 eV larger than that of dopant
diffusion, while the diffusivity for Si is smaller than those of
dopants. All diffusion mechanisms (vacancy, interstitial—
interstitialcy, and dual) have been proposed for self-diffusion
(see discussion in Ref. 2).

The diffusion mechanism of all dopants used in semicon-
ductor devices (B, P, As, and Sb) was at first considered to be
mediated by vacancies. Many such models (2,11,26) developed
for process simulation (27), despite fundamental differences,
show a good match with experimentally obtained profiles.
Presently, for several dopants (P, B, As) used in the Si tech-
nology, there is a consensus that a dual mechanism that in-
volves both vacancies and interstitials is responsible for
atomic diffusion. The contributions of each mechanism vary
for different dopants with their concentrations, process tem-
perature and ambient gas. However, these issues are still con-
troversial, as the problems related to reaction—diffusion phe-
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nomena are extraordinarily complicated and thus not always
sufficiently well described.

Phosphorus diffusion proceeds as predicted by Fick’s law
under intrinsic conditions. However, at heavy doping levels
it is slow in the range of high dopant concentrations, with
incomplete dopant activation and a plateau region (“kink”) of
carrier concentrations. High dopant concentrations can cause
strain that can lead to misfit dislocation formation. This re-
gion is followed by a tail indicating enhanced diffusion. Early
models assumed vacancy assisted diffusion (28) where a com-
plex of P*V ™", and to the lesser extent P"V* and P*V 3, was
responsible for slow diffusion, while fast diffusion was due to
vacancy generation due to the splitting of P*V~. This model
has been successfully used to simulate phosphorus diffusion
profiles at high concentrations (Fig. 6).

However, it is now widely accepted that P diffusion occurs
via interstitial mechanisms, in view of the evidence provided
by the OISF growth facilitated by high P concentrations (13).
Phosphorus is believed to inject interstitials. It enhances dif-
fusion of dopants (B, P, As) in remote layers placed beneath
it (buried layers) (29). On the other hand, it retards Sb diffu-
sion in buried layers, but may also enhance it in the same
region (13). The last observation may indicate that there is a
vacancy component in the P diffusion as well and/or that Sb
can have an interstitial component.

Boron, as a negatively charged acceptor, was linked to pos-
itively charged vacancies, and the postulated diffusion was
based on migration of these extrinsic defect pairs. For boron,
the vacancy models used B"V* pairs as a dominating diffu-
sant. Boron diffusion depends on substrate concentrations
and can be significantly reduced in highly doped n-type mate-
rial. In addition to proposed pairs with vacancies, it can form
pairs with other point defects such as contaminants (3,30) (Fe
and Cr) in the Si crystal. Diffusion of boron is also affected by
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Figure 6. An early model of P diffusion (28) included vacancies and
their complexes as the main point defects. Enhancement of diffusion
observed experimentally at high dopant concentrations and resulting
in the tail formation was explained by splitting of the defect com-
plexes.

hydrogen (31), which enhances its diffusion in oxide and can
also result in compensation of carries in the Si substrate.

Evidence that interstitials are important in B diffusion
was provided by experimental results on the OISF growth en-
hanced by high phosphorus concentrations and on enhance-
ment of B by P diffusion both in buried layers and in bipolar
transistors (32) (the pushout effect). In addition, gettering ex-
periments (33) and OED clearly indicated that the same type
of point defects (i.e. silicon interstitials) were involved in dif-
fusion of B. However, differences as to the magnitude of the
particular mechanism contribution (3,11) for these dopants
still exist, with f4; being found as low as 0.17 and as high as
0.99. Recent theoretical expectations, based on the assump-
tion of local equilibrium of point defects only, supported by
experimental results, indicate that diffusion of substitutional
dopants in Si should follow either a pure vacancy or a pure
interstitialcy mechanism (25).

Arsenic is known to diffuse by a dual mechanism, where
both vacancies and interstitial play the role (2). Arsenic
shows some enhancement of diffusion by oxidation but also
by nitridation. At high concentrations in prediffusion pro-
cesses, the diffusivity increases and dopant profiles do not fol-
low the erfc function. In addition, arsenic can form clusters
during diffusion such as VAs;, (2,19), which decreases the flux
of moving complexes and reverses dopant activation. As the
result of defect formation, carrier concentrations in heavily
arsenic-doped silicon are smaller than the total concentra-
tions of As atoms. The effect of dopant deactivation (34) is
more pronounced at low temperatures, where VAs, is the do-
minating defect, than at higher temperatures, where VAs;Si
and VAs,Si, are formed.

Antimony is modeled as a vacancy-assisted diffusion
(24,35). Several experiments show an increase in Sb diffusion
rates during vacancy generation. Interestingly, high P con-
centrations also enhance diffusion of Sb (36), even though
there is a clear evidence that P induces interstitial genera-
tion. That indicates that high concentrations of P, because of
the Fermi-level shift to the conduction band, may also cause
vacancy generation within the P-doped layer; this is not in
contradiction to vacancy undersaturation observed below
this layer.

Diffusion of metallic impurities, such as gold, is believed to
be facilitated by interstitials. Their solid solubility in Si is low
for interstitial atoms and high for substitutionals, while their
diffusivities are high for interstitial and low for the substitu-
tional motion. An accepted mechanism of gold diffusion is the
kickout process, which is linked to the interstitial diffusion
processes. Here, silicon interstitials have to be effectively
transported away from the substitutional sites of the dopants.

THE ROLE OF OXIDATION AND NITRIDATION
DURING DIFFUSION

When diffusion of dopants occurs during oxidation, the
growth of oxide results in silicon consumption and therefore
creates moving boundary conditions (5). At the Si—SiO, inter-
face dopants pile up on either the silicon or the oxide side (37)
because of interface segregation, thus creating concentration
gradients. For the B-doped layers this leads to dopant deple-
tion below the oxide, where the profiles suggest dopant loss
due to outdiffusion.



Oxidation leads to nonequilibrium concentrations of point
defects and thus induces OED or ORD of various dopants, but
provides important information about atomic mechanism of
diffusion. For impurities that diffuse with a large intersti-
tialcy component, such as P or B, the diffusion enhancement
caused by excess interstitials is very significant. For arsenic,
because of its dual (vacancy and interstitial) diffusion mecha-
nism, the increase is smaller. On the other hand, Sb is re-
tarded by oxidation except for an enhancement for very short
oxidation times before undersaturation of vacancies is
reached; this may indicate some interstitial component in the
Sb diffusion mechanism (24).

The influence of oxidation on dopant diffusion will be
therefore included in the diffusion equations (38) by modi-
fying the diffusion coefficient D to

G

Dox :DIC_'* +DV
I

CV
cr (33)

The enhancement of diffusion coefficient due to oxidation
(A, is related to the fractional interstitial contribution f,; =
Di/D¥ by

A= (2fa1+ FarS1 — DS,
ox 1+SI

(34)

where S; = (C; — C§¥)/Cf is the supersaturation ratio for inter-
stitials

The OED of various dopants depends on their concentra-
tion, thus confirming that the role of point defects is critical
in diffusion processes. Increasing dopant concentrations de-
creases the OED effect of phosphorus and boron (16). The va-
cancy generation larger background interstitial concentra-
tions, and/or recombination rates between vacancies and
interstitials, can be responsible for this effect, as seen in the
P and Sb diffusion experiments mentioned earlier.

OED decreases with increasing temperature, indicating
that the supersaturation of interstitials decreases with T,
thus providing information on behavior of the interstitional
factor f,r. It also shows sublinear dependence on the oxidation
rate through the generation rate of interstitials (2).

Oxynitridation, the nitridation of SiO,, injects silicon inter-
stitials, thus enhancing P diffusion (35). Figure 7 shows en-
hancement of diffusion coefficients due to oxidation for B, P,
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and As (39). Nitridation, by injecting vacancies, retards P and
B diffusion but enhances Sb diffusion (40).

Information about dopant diffusion is frequently obtained
in complementary experiments consisting of ambient-gas
studies combined with investigation of the mask pattern’s
role in point defect generation, migration, and recombination.

THE ROLE OF SUBSTRATE ORIENTATION IN DIFFUSION

Diffusion processes are affected by the concentrations of point
defects, but, since there is no clear evidence that their con-
centrations change in various crystallographic directions, the
lateral and in-depth diffusions should be comparable.
Experimentally observed differences (41) may appear as ori-
entation-dependent diffusion but in fact be due to point defect
generation and recombination at the surface, determined by
properties of silicon and passivating masks during oxidation
or nitridation (42). Consequently, for silicon with patterned
oxide structures, dopant diffusion in the horizontal direction
can be retarded by surface recombination, thus resulting in
lateral diffusion that may be up to 85% of the vertical diffu-
sion for intrinsic processes, and up to 70% for extrinsic.

However, there is a difference in the diffusion into crystals
of different orientations during oxidation or nitridation pro-
cesses. By generating point defects such as interstitials or va-
cancies, enhancement or retardation, respectively, can be de-
pendent on the crystallographic orientation. Specifically, for
mainly interstitialcy diffusion processes (B and P), larger en-
hancement is observed for (100) than for (111) planes (19).
This is in spite of the larger generation of interstitials on
(111) than on (100) planes, as evidenced by faster rates of the
oxidation processes for (111) than for (100) planes. ORD was
observed for boron (43) and phosphorus (44) doping, and OED
for antimony doping, in (111) Si in long-time processes, thus
indicating injection of vacancies. However, stronger recombi-
nation of these point defects at the silicon (111) surface may
be responsible for the smaller OED effect than for (100) due
to the presence of surface kinks, which capture silicon inter-
stitials.

DIFFUSION IN POLYCRYSTALLINE
AND AMORPHOUS SILICON

Dopant diffusion in a polycrystalline matrix, such as polycrys-
talline Si (polysilicon), is much faster than in a single crystal
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Figure 8. Diffusion of dopants (46) in polysilicon and crystalline sili-
con as a function of temperature. The faster diffusion in polysilicon
is due to the grain boundary migration. Differences between the diffu-
sion constants in poly-Si and c-Si decrease with increasing tempera-
tures because of the grain growth.

due to the presence of grain boundaries acting as diffusion
pipelines (45). Similarly enhanced diffusion is observed along
dislocation lines in a Si crystal. This increase of diffusion coef-
ficients can be as much as a few orders of magnitude. Diffu-
sion occurs also within the grains, with the same rate as in
crystalline Si. The difference in diffusivities between single
crystal and polycrystalline Si decreases with increasing tem-
perature because of grain growth, which results in a smaller
contribution of grain boundary diffusion. Segregation of dop-
ant into the grain boundaries takes place for P and As but
not for B. Fast diffusion in the polycrystalline silicon, and sig-
nificantly less in amorphous silicon, as compared to the single
crystal, has led to wide application of these materials in de-
vice fabrication (46) (Fig. 8), where high dopant concentra-
tions and their uniform distributions are required. The dop-
ing uniformity of polysilicon can be readily obtained even
within thick layers such as gate electrodes in MOS transistors
and raised junctions, which facilitate silicide contact forma-
tion without degradation related to silicon bulk consumption,
in scaled-down devices. These doped polycrystalline or amor-
phous Si layers act as unlimited dopant sources during diffu-
sion processes. However, because of fast diffusion, dopant
loss, especially significant for As, occurs due to outdiffusion
to the gas ambient if a capping layer is not used.

MASKING PROPERTIES OF OXIDES

Diffusion of dopants through SiO, layers is very important in
device fabrication. Slow dopant motion through an oxide
mask allows for selective silicon doping within desired device
regions. Similarly to the diffusion of various dopants in sili-
con, diffusion in the oxide also depends on the dopant type
and oxide structure.

A two-layer matrix composed of oxide and silicon has to be
considered when solving Fick’s second law of diffusion (5).
Since the diffusion coefficients are not the same in these two

materials, and there is discontinuity at the SiO,—Si interface,
two forms of Fick’s second law have to be used, one for each
material, with boundary conditions that include oxide thick-
ness and segregation (m) at the interface (37):

Csi(ov t) = mcox((), t) (35)

Examples of dopant segregation at the SiO,—Si interface
are shown in Fig. 9 for various dopants in various ambient
gases. This segregation depends on the dopant type, ambient
gas during diffusion, and temperature. Incorporation of the
dopant into SiO, changes the composition and properties of
the glass. The oxide acquires less of a dense structure and at
high temperatures shows a lower viscosity that facilitates its
flow (47). For boron, the segregation leaves the silicon surface
depleted, and dopant accumulation takes place in the oxide
during oxidation.

Small thickness of the oxide increases the diffusivity of B
because of a Si-rich structure in the transition layer, which,
for thin oxides, constitutes a significant part of it (48). The
ambient gas also plays an important role in dopant diffusion
though oxides (35,49). The usual slow diffusivity of boron in
the oxide can be substantially enhanced by fluorine and hy-
drogen. Interestingly, hydrogen, while itself diffusing very
rapidly, also enhances diffusion of B in silicon (31). It causes
boron compensation by hydrogen—dopant pair formation, re-

Oxide Silicon Oxide Silicon
m<1 m<1
diffusion in diffusion in
oxide slow oxide fast
(boron) (boron in Hy)
(a) (b)
Oxide Silicon Oxide Silicon
m>1 m>1
diffusion in diffusion in
oxide slow oxide fast
(phosphorus, arsenic, antimony) (gallium)
(c) (d)

Figure 9. Segregation of various dopants at the interface of SiO, and
Si during oxidation of a doped semiconductor (37). Fast diffusion of
Ga in SiO, makes this dopant not useful in silicon technology that
requires good oxide masking.
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sulting in an increase of resistivity via reduction of hole con-
centrations.

For phosphorus, segregation at the SiO,—Si interface in-
creases the dopant concentration at the silicon surface while
the oxide side becomes depleted (50). A similar pileup effect
is observed for arsenic and antimony.

Enhancement of diffusivity in the oxide in the presence of
high dopant concentrations can be also observed in the oxida-
tion of silicon. This process depends on oxygen diffusion
through the growing SiO, to the Si surface. Larger oxidation
rates on heavily B-doped substrates than on undoped Si are
related to larger oxygen diffusivity in the oxide that contains
boron, from the doped substrate consumption, than in the un-
doped SiO,.

There are a number of species that are considered fast dif-
fusers in silicon dioxide: H,, OH, H,O, alkali metals (Na, K),
and Ga. This fast diffusion of Ga hinders its masking by the
oxide and excludes its potential application as a dopant in Si
device fabrication. A comparison between the diffusion con-
stants in poly-Si, ¢-Si, and oxide is shown in Fig. 10.

DOPANT DIFFUSION IN SILICIDES

Diffusion processes also occur during the formation of silicide
used for self-aligned contact layers and formed in reaction of
a metal with oxide-patterned Si. Depending on the type of
metal and process conditions, either silicon or metal can be
the main diffuser (51). A reaction between metals and silicon
can result in generation of point defects and therefore can
affect dopant diffusion present in a doped layer below the con-
tact. Experiments showed enhancement of Sb and retardation
of B diffusion, respectively in superlattice structures where
TiSi, formation was an accompanying process. That indicates
generation of vacancies during titanium silicidation. Other
observations of the enhancement of Sb diffusion in a buried
layer, reported during PdSi, (52) and TaSi (53) formation, in-
dicated vacancy generation. It is, however, possible (27) that
a stress gradient was an additional reason for the enhance-
ment, since B and Ga experienced similar effects. It seems
likely that information about process kinetics of dopant diffu-
sion obtained from nonequilibrium conditions (oxidation, ni-
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tridation) can be greatly improved by incorporation of silicida-
tion studies into diffusion experiments.

Diffusion of dopants in silicides can be used to integrate
the processes of junction and contact formation. Here, a sili-
cide as diffusion source (SADS) (54) is implemented to outdif-
fuse the dopants from the silicide or metal layers to form
junctions. Since the structure of silicides usually is not crys-
talline, the diffusion of dopants is fast along grain boundaries.
Diffusion from some silicides has yet another aspect, related
to metal-dopant compound formation (55), that can limit dop-
ant outdiffusion from the silicide layer into silicon. This is
indeed observed in SADS, where one type of the dopant (n- or
p-type) diffuses fast and the other one slowly, due to metal—
dopant compound formation. On the other hand, this process
can be used to create a diffusion barrier (TiB,) that may pre-
vent junction degradation by hindering the silicidation pro-
cess (56).

STRESS AND DIFFUSION

The influence of stress in a semiconductor, either applied ex-
ternally or induced by processing such as oxide or nitride
growth, is well documented. The analysis of dopant diffusion
under stress conditions has to include the effect of stress on
the generation and migration of point defects. Interesting re-
views (27,57) refer to many aspects of lattice deformation and
its effects on various silicon processings. Change in the lattice
parameters, such as that induced by high dopant concentra-
tions that causes energy bandgap narrowing, results in de-
creased diffusivity (43). Doping of trench structures results in
similar nonuniformities of junction depths to those of oxides
thermally grown (58).

CHARACTERIZATION OF DOPED LAYERS

Doping characterization is based on electrical, physical, and
chemical measurements. Active dopants present in diffused
layers contribute to the resistance R, ({}/square), known as
the sheet resistance:

Ry = é (/:j n@)n(x) dx)

where n(x) is the concentration of carriers and w(x) is the mo-
bility. Sheet resistance allows for easy design of resistors in
ICs where they are built in the same diffusion layer. Since the
sheet resistance represents the value for a square resistor, by
selecting length (L) and width (W) values for the oxide mask
during diffusion, the number of squares, N = L/W, can be
utilized to give the actual resistance,

-1
(36)

R = NR, 37

Values of R, can be calculated from the dopant profile if
the carrier mobility is determined only by dopant concentra-
tion without any deterioration caused by process-induced de-
fects. Sheet resistances combined with junction depths are
available as plots for erfc and Gaussian dopant distributions
for various substrate concentrations. However, for extrinsic
diffusion processes, where diffusion is enhanced by high dop-
ant concentrations, or where it is modified by external sources
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of point defects (e.g. surface reactions), stress, or crystallo-
graphic imperfections, these plots are not applicable. Instead
of theoretical plots, experimental ones should be used.

Another popular method of diffusion characterization is
dopant profiling using secondary-ion mass spectroscopy
(SIMS) for the concentrations of chemical dopants. It is based
on ion sputtering of doped layers and allows depth profiling
of the atomic composition. This technique is frequently sup-
plemented by carrier analyses obtained by spreading resis-
tance profiling (SRP). Here, a doped layer is beveled to allow
resistance measurements from the Si surface to the p—n junc-
tion and subsequent conversion of resistance to carrier con-
centration. Large discrepancies between SIMS and SRP mea-
surements are useful in the determination of poor dopant
activation, which can indicate process-induced defects and/or
poor dopant activation.

Dopant profiling is especially important in the character-
ization of extrinsic diffusion processes where neither erfc nor
Gaussian functions are appropriate. A diffusion coefficient at
any point of a nonideal profile obtained by SIMS can be calcu-
lated using the Boltzmann—Matano method (5). That allows
for diffusivity determination as a function of dopant concen-
tration, thus revealing anomalies of the specific diffusion con-
ditions. The usefulness of this technique is restricted by the
limited efficiency dopant sources used in some prediffusion
processes that decrease the surface concentration below the
solid solubility in Si. This limitation does not arise from redis-
tribution processes, since the total concentrations are known
despite the decreasing surface concentration during the
process.
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