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In the preceding chapters we considered the carrier concentrations and transport phe-
nomena in homogeneous semiconductor materials. In this chapter we discuss the behav-
ior of single-crystal semiconductor material containing both p- and n-type regions that
form a p—n junction. Most modern p—n junctions are made by planar technology to be
described in Section 4.1.

A p-n junction serves an important role both in modern electronic applications and
in understanding other semiconductor devices. It is used extensively in rectification, switch-
ing, and other operations in electronic circuits. It is a key building block for the bipolar
transistor and thyristor (Chapter 5), as well as for metal-oxide-semiconductor field-effect
transisitors (MOSFETs) (Chapter 6). Given proper biasing conditions or when exposed
to light, p—n junction also functions as either microwave (Chapter 8) or photonic device
(Chapter 9).

We also consider a related device—the heterojunction, which is a junction formed
between two dissimilar semiconductors. It has many unique features that are not read-
ily available from the conventional p—n junctions. The heterojunction is an important build-
ing block for heterojunction bipolar transistors (Chapter 5), modulation doped field-
effect transistors (Chapter 7), quantum-effect devices (Chapter 8), and photonic devices
(Chapter 9).

Specifically, we cover the following topics:

o The formation of a p—n junction physically and electrically.

o The behavior of the junction depletion layer under voltage biases.

o The current transport in a p—n junction and the influence of the generation
and recombination processes.

o The charge storage in a p—n junction and its influence on the transient
behavior.




Chapter 4. p-n Junction « 85

o The avalanche multiplication in a p—n junction and its impact on the maximum
reverse voltage.

o The heterojunction and its basic characteristics.

F 4.1 BASIC FABRICATION STEPS

Today, planar technology is used extensively for integrated circuit (IC) fabrication. Figures
1 and 2 show the major steps of a planar process. These steps include oxidation, lithography,

Resist

; Fig.1 (a) A bare n-type Si wafer. (b) An oxidized Si wafer by dry or wet oxidation.
(c) Application of resist. (d) Resist exposure through the mask.

L S




86. » Chapter 4. p—n Junction

Dopant gas
or
accelerated impurity ions

i | Q\\ Metal \'\‘_M“\W\l
p—Si

Metal

®

Fig.2 (a) The wafer after the development. (b) The wafer after SiO, removal. (c) The final
result after a complete lithography process. (d) A p—n junction is formed in the diffusion or
implantation process. (¢) The wafer after metallization. (f) A p—n junction after the complete
processes.

ion implanation, and metallization. We describe these steps briefly in this section. More
detailed discussions can be found in Chapters 10-14.

41.1 Oxidation
The development of a high-quality silicon dioxide (SiO,) has helped to establish the dom-

inance of Si in the production of commercial ICs. Generally, SiO, functions as an insu-
lator in a number of device structures or as a barrier to diffusion or implantation during
device fabrication. In the fabrication of a p—n junction (Fig. 1), the SiO, film is used to
define the junction area.

There are two SiO, growth methods, dry and wet oxidation, depending on whether
dry oxygen or water vapor is used. Dry oxidation is usually used to form thin oxides in a
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3 device structure because of its good Si-SiO, interface characteristics, whereas wet oxi-
dation is used for thicker layers because of its higher growth rate. Figure 1a shows a sec-
tion of a bare Si wafer ready for oxidation. After the oxidation process, a SiO, layer is
formed all over the wafer surface. For simplicity, Fig. 16 shows only the upper surface
of an oxidized wafer.

41.2 Lithography

Another technology, called photolithography, is used to define the geometry of the p—n
junction. After the formation of SiO,, the wafer is coated with an ultraviolet (UV)-light—
sensitive material called a photoresist, which is spun on the wafer surface by a high-speed
spinner. After spinner (Fig. 1c), the wafer is baked at about 80°~100°C to drive the sol-
vent out of the resist and to harden the resist for improved adhesion. Figure 1d shows
the next step, which is to expose the wafer through a patterned mask using an UV-light
source. The exposed region of the photoresist-coated wafer undergoes a chemical reac-
tion depending on the type of resist. The area exposed to light become polymerized and
difficult to remove in an etchant.” The polymerized region remains when the wafer is
placed in a developer, whereas the unexposed region (under the opaque area) dissolves
and washes away. Figure 2a shows the wafer after the development. The wafer is again
i/ baked to 120°-180°C for 20 minutes to enhance the adhesion and improve the resistance
to the subsequent etching process. Then, an etch using buffered hydrofluoric acid (HF)
b removes the unprotected SiO, surface (Fig. 2b). Last, the resist is stripped away by a chem-
ical solution or an oxygen plasma system. Figure 2c shows the final result of a region with-
; out oxide (a window) after the lithography process. The wafer is now ready for forming
o the p—n junction by a diffusion or ion-implantation process.

4.1.3 Diffusion and lon Implantation

In the diffusion method, the semiconductor surface not protected by the oxide is exposed
to a source with a high concentration of opposite-type impurity. The impurity moves into
the semiconductor crystal by solid-state diffusion. In the ion-implantation method, the
intended impurity is introduced into the semiconductor by accelerating the impurity ions
to a high-energy level and then implanting the ions in the semiconductor. The SiO, layer
serves as barrier to impurity diffusion or ion implantation. After the diffusion or implan-
tation process, the p—n junction is formed as shown in Fig. 2d. Due to lateral diffusion
of impurities or lateral straggle of implanted ions, the width of the p region is slightly
wider than the window opening.

41.4 Metallization

After diffusion or ion-implantation process, a metallization process is used to form ohmic
3 contacts and interconnections (Fig. 2¢). Metal films can be formed by physical vapor depo-
f sition and chemical vapor deposition. The lithography process is again used to define the
. front contact which is shown in Fig. 2f. A similar metallization step is done on the back
3 contact without using a lithography process. Normally a low-temperature (< 500°C) anneal
would also be performed to promote low-resistance contacts between the metal layers

* This is a negative photoresist. We can also use positive photoresist. Lithography and photoresists are con-
sidered in detail in Chapter 12. - =
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and the semiconductor. With the completion of the metallization, the p—n junctions become
functional.

4.2 THERMAL EQUILIBRIUM CONDITION

The most important characteristic of p-n junctions is that they rectify, that is, they allow
current to flow easily in only one direction. Figure 3 shows the current-voltage charac-
teristics of a typical silicon p—n junction. When we apply “forward bias” to the junction
(i.e., positive voltage on the p-side), the current increases rapidly as the voltage increases.
However, when we apply a “reverse bias,” virtually no current flows initially. As the reverse
bias is increased the current remains very small until a critical voltage is reached, at which

- point the current suddenly increases. This sudden increase in current is referred to as
the junction breakdown. The applied forward voltage is usually less than 1 V, but the reverse
critical voltage, or breakdown voltage, can vary from just a few volts to many thousands
of volts depending on the doping concentration and other device parameters.

421 Band Diagram

In Fig. 4a, we see two regions of p- and n-type semiconductor materials that are uni-
formly doped and physically separated before the junction is formed. Note that the Fermi
level Ej, is near the valence band edge in the p-type material and near the conduction
band edge in the n-type material. While p-type material contains a large concentration
of holes with few electrons, the opposite is true for n-type material.

When the p- and n-type semiconductors are jointed together, the large carrier con-
centration gradients at the junction cause carrier diffusion. Holes from the p-side dif-
fuse into the n-side, and electrons from the n-side diffuse into the p-side. As holes continue
to leave the p-side, some of the negative acceptor ions (N,”) near the junction are left
uncompensated, since the acceptors are fixed in the semiconductor lattice, whereas the
holes are mobile. Similarly, some of the positive donor ions (Np*) near the junction are
left uncompensated as the electrons leave the n-side. Consequently, a negative space charge

I (mA)
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Fig.3 Current-voltage characteristics of a typical silicon p—n junction.
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Diffusion

(a) (b)

Fig.4 (a) Uniformly doped p-type and n-type semiconductors before the junction is formed.
(b) The electric field in the depletion region and the energy band diagram of a p-n junction in
thermal equilibrium.

forms near the p-side of the junction and a positive space charge forms near the n-side.
This space charge region creates an electric field that is directed from the positive charge
toward the negative charge, as indicated in the upper illustration of Fig. 4b.

The electric field is in the direction opposite to the diffusion current for each type
of charge carrier. The lower illustration of Fig. 4b shows that the hole diffusion current
flows from left to right, whereas the hole drift current due to the electric field flows from
right to left. The electron diffusion current also flows from left to right, whereas the elec-
tron drift current flows in the opposite direction. Note that because of their negative charge,
electrons diffuse from right to left, opposite the direction of electron current.

422 Equilibrium Fermi Levels

At thermal equilibrium, that is, the steady-state condition at a given temperature with-
out any external excitations, the individual electron and hole current flowing across the

junctions are identically zero. Thus, for each type of carrier the drift current due to the

electric field must exactly cancel the diffusion current due to the concentration gradi-
ent. From Eq. 32 in Chapter 3,

J» =] ,(drift) +J ,(diffusion)

dp
=qu,pé —qD, o
1 dE, d
= =& |k, L =0 1
qiupp(q dx] ‘LLP dx > ( )

where we have used Eq. 8 of Chapter 3 for the electric field and the Einstein relation
D, = (kT/q)u,, Substituting the expression for hole concentration

p= nie(E,—EF)/kT ()

and its derivative

~dp_ p (dE; _dEp (3)
~e dx kT \ dx dx
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into Eq. 1 yields the net hole current density
dEp

Jp=Hyp—E=0 (4)
or ‘
dE;
—==0.
. | (5)

Similarly, we obtain for the net electron current density

Jn =], (drift) + ], (diffusion)

dn
—qu.né+qD, 2
qH,ne +q " dx
dE
=#nn"‘“‘—dxF =0. (6)

Thus, for the condition of zero net electron and hole currents, the Fermi level must
be constant (i.e., independent of x) throughout the sample as illustrated in the energy
band diagram of Fig. 4b.

The constant Fermi level required at thermal equilibrium results in a unique space
charge distribution at the junction. We repeat the one-dimensional p—n junction and the
corresponding equilibrium energy band diagram in Figs. 5a and 5b, respectively. The
unique space charge distribution and the electrostatic potential y are given by Poisson’s
equation:

dy__dé_ _p__4q

dx 2 dx & E

s

(ND—NA+p—n). (7)

Here we assume that all donors and acceptors are ionized.
In regions far away from the metallurgical junction, charge neutrality is maintained
and the total space charge density is zero. For these neutral regions we can simplify Eq.

7 to

d2w

PR ®
and

For a p-type neutral region, we assume N, = 0 and p >> n. The electrostatic potential
of the p-type neutral region with respect to the Fermi level, designated as y, in Fig. 5b,
can be obtained by setting N, = n = 0 in Eq. 9 and by substituting the result (p = N,)

into Eq. 2:
. kT ln[ N, ] (10)
<-x, _q _—n-

t
Similarly, we obtain the electrostatic potential of the n-type neutral region with respect
to the Fermi level:

-t
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Metallurgical junction
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Fig.5 (a) A p—n junction with abrupt doping changes at the metallurgical junction. (b) Energy
band diagram of an abrupt junction at thermal equilibrium. (c) Space charge distribution. (d)
Rectangular approximation of the space charge distribution.

Yo = _l(Ei - EF) x2x, =_k_Tln[N_DJ' (ll)

q q

The total electrostatic potential difference between the p-side and the n-side neu-
tral regions at thermal equilibrium is called the built-in potential V,,;:

kT N, N,
Vbi =V, _y’p =7ln %Q' . ' (12)

n;

-



‘92 ® Chapter 4. p-n Junction

423 Space Charge

Moving from a neutral region toward the junction, we encounter a narrow transition region,
shown in Fig. 5c. Here the space charge of impurity ions is partially compensated by the
mobile carriers. Beyond the transition region we enter the completely depleted region
where the mobile carrier densities are zero. This is called the depletion region (also called
the space-charge region). For typical p—n junctions in silicon and gallium arsenide, the
width of each transition region is small compared with the width of the depletion region.
Therefore, we can neglect the transition region and represent the depletion region by
the rectangular distribution shown in Fig, 5d, where x, and x, denote the depletion layer
widths of the p- and n-sides for the completely depleted region with p = n = 0. Equation
7 becomes

d2
%:%(NA—ND ) (13)

The magnitudes of ly;,| and y, as calculated from Eqs.10 and 11 are plotted in Fig. 6
as a function of the doping concentration of silicon and gallium arsenide. For a given
doping concentration, the electrostatic potential of gallium arsenide is higher because of
its smaller intrinsic concentration n,.

¥ EXAMPLE 1

Calculate the built-in potential for a silicon p-n junction with N, = 10'® cm= and N, = 10 cm™
at 300 K.

SOLUT|0N From Eq. 12 we obtain

18 15
Vi =(0.0250)ln| 210\ _ o774,
(0.65x10°)
Also from Fig. 6,
Vo =W, +|,|=030V+047V=077V. «
0.8
GaAs| | LT |
ot
06 I
g
e _—w—-‘""'
Z. 0.4 “F/" ]
_B_p_ "—" Si
3 —
02
300K
0
1014 1015 1016 1017 1018

N,orN, (em™3)

Fig.6 Built-in potentials on the p-side and n-side of abrupt junctions in Si and GaAs as a func-
tion of impurity concentration.
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4.3 DEPLETION REGION

To solve Possion’s equation, Eq.13, we must know the impurity distribution. In this sec-
tion we consider two important cases—the abrupt junction and the linearly graded junc-
tion. Figure 7a shows an abrupt junction, that is, a p—n junction formed by shallow diffusion
or low-energy ion implantation. The impurity distribution of the junction can be approx-
imated by an abrupt transition of doping concentration between the n- and p-type regions.
Figure 7b shows a linearly graded junction. For either deep diffusions or high-energy
ion implantations, the impurity profiles may be approximated by linearly graded junc-
tions, that is, the impurity distribution varies linearly across the junction. We consider
the depletion regions of both types of junction.

431 Abrupt Junction

The space charge distribution of an abrupt junction is shown in Fig. 8a. In the depletion
region, free carriers are totally depleted so that Possion’s equation, Eq.13, simplifies to
dx? &

for -x,<x <0, (14q)

(a)

Fig.7 Approximate doping profiles. (a) Abrupt junction. (b) Linearly graded junction.
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Depletion
Neutral p <—|<‘——'— region —>> Neutraln
region I: region '
Np-N, | T8

N

|
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|
|
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Fig. 8 (a) Space charge distribution in the depletibn region at thermal equilibrium. (b)
Electric-field distribution. The shaded area corresponds to the built-in potential.

—t =_1TD  for O0<x<x,. (14b)

The overall space charge neutrality of the semiconductor requires that the total neg-
ative space charge per unit area in the p-side must precisely equal the total positive space
charge per unit area in the n-side:

Nyx, = Npx,. (15)
The total depletion layer width W is given by
W=x, +x, (16)
The electric field shown in Fig. 8 is obtained by integrating Egs. 142 and 14b, which
gives
Nylx+x
g(x)=_(f;:=_q A(gs P) for —xpr<O (17a)
and
ﬁ( ) -8, +-1-L2= 9Npx _ —qﬂp—(x—-xn) for 0<x<zx,, (17b)
Sx 83
where &, is the maximum field that exists at x = 0 and is given by
N zx
&, =Ipta  T7A% (18)
£ £

s s

Integating Eqs. 174 and 17b over the depletion region gives the total potential vari-
ation, namely, the built-in potential V,;:

15 e =1, o)

qNAx qNDx 1
2€

\4¥

pside — 1 0" a?’(x)dx

n-side

=& W. | (19)
2¢. 2

s

s
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Therefore, the area of the field triangle in Fig. 8b corresponds to the built-in potential.
Combining Egs. 15 to 19 gives the total depletion layer width as a function of the
built-in potential,

q NuNp

2 N,+N
W= es( A D)Vbi. | (20)

When the impurity concentration on one side of an abrupt junction is much higher
than that of the other side, the junction is called a one-sided abrupt junction (Fig. 9a).
Figure 9b shows the space charge distribution of a one-sided abrupt p*—n junction, where
N, >> Np. In this case, the depletion layer width of the p-side is much smaller than the
n-side (i.e., x, << x,), and the expression for W can be simplified to

P
Wez, = |26Vu (21)
gNp

The expression for the electric-field distribution is the same as Eq. 17b:

é"(x) ==&, + q—Ne';x, (22)

where Ny is the lightly doped bulk concentration (i.e., Ny, for a p*—n junction). The field
decreases to zero at x = W. Therefore,

_gNgW

n (23)

(d)

Fig.9 (a) One-sided abrupt junction (with Ny >> Np, ) in thermal equilibrium. (b) Space charge
distribution. (c¢) Electric-field distribution. (d) Potential distribution with distance, where V, is
the built-in potential.
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and
g(x)=i§.a(_w+x)=_é»m[1_%} e

which is shown in Fig. 9c.
Integrating Possion’s equation once more gives the potential distribution

x x2
l//(x) =—[0 &dx = é”m(x - W] + constant. (25)

With zero potential in the neutral p-region as a reference, or W(0) = 0, and employing
Eq. 19,

w(x)= -Y-’zWL’i[z - %) (26)

The potential distribution is shown in Fig. 9d.

# EXAMPLE 2

For a silicon one-sided abrupt junction with N, = 10'® cm™ and N, = 10'® em™, calculate the deple-
tion layer width and the maximum field at zero bias (T = 300 K).

SOLUTION  From Eqgs. 12, 21, and 23, we obtain

10'° x 10'6

Vi = 0.0259In| — = | = 0.895 V,
(9.65 x 109)
we |28V _341%10° =0.343 pum,
gNp
e =INEW _ 059510 V/em. «

The previous discussions are for a p-n junction at thermal equilibrium without exter-
nal bias. The equilibrium energy band diagram, shown again in Fig. 10a, illustrates that
the total electrostatic potential across the junction is V,,. The corresponding potential
energy difference from the p-side to the n-side is gV,,. If we apply a positive voltage
Vp to the p-side with respect to the n-side, the p—n junction becomes forward-biased,
as shown in Fig. 10b. The total electrostatic potential across the junction decreases by
V. that is, it is replaced with V,,~ V. Thus, forward bias reduces the depletion layer
width.

By contrast, as shown in Fig. 10c, if we apply positive voltage Vj to the n-side with
respect to the p-side, the p—n junction now becomes reverse-biased and the total elec-
trostatic potential across the junction increases by V;, that is, it is replaced by V,, + Vj.
Here, we find that reverse bias increases the depletion layer width. Substituting these
voltage values in Eq. 21 yields the depletion layer widths as a function of the applied volt-
age for a one-sided abrupt junction:
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Depletion
region

(c)

Fig. 10 Schematic representations of depletion layer width and energy band diagrams of a p-n
junction under various biasing conditions. (a) Thermal-equilibrium condition. (b) Forward-bias
condition. (c) Reverse-bias condition.

(27)

where Ny is the lightly doped bulk concentration, and V is positive for forward bias and
negative for reverse bias. Note that the depletion layer width W varies as the square root
of the total electrostatic potential difference across the junction.

43.2 Llinearly Graded Junction

We first consider the case of thermal equilibrium. The impurity distribution for a lin-
early graded junction is shown in Fig. 11a. The Possion equation for the case is

d*v _-d¢ _-p, _—q
dx > dx €

where a is the impurity gradient (in cm™) and W is the depletion-layer width.

We have assumed that mobile carriers are negligible in the depletion region. By inte-
grating Eq. 28 once with the boundary conditions that the electric field is zero at tW/2,
we obtain the electric-field distribution shown in Fig. 11b

ax —KSxS—Vz, (28)
PR - 2 2




98 » Chapter 4. p-n Junction

(d

Fig. 11 Linearly graded junction in thermal equilibrium. (¢) Impurity distribution. (b) Electric-
field distribution. (c) Potential distribution with distance. (d) Energy band diagram.

é"(x)=—— — (29)

The maximum field at x = 0 is

_gaw?
8,

Integrating Eq. 28 once again yields both the potential distribution and the corresponding
energy band diagram shown in Figs. 11c and 11d, respectively. The built-in potential and
the depletion layer width are given by

_ an3
LT

S

(30)

and

1/3
W(_lzq_v_) | a1
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Since the values of the impurity concentrations at the edges of the depletion region (-W/2
and W/2) are the same and both are equal to aW/2, the built-in potential for a linearly
graded junction may be expressed in a form similar to Eq. 12": ‘

_kr Haw/ 2)(;’“” 2)|_ s h{“w}‘ (32)
q n, q 2n,

t

\4

Solving the transcendental equation that results when W is eliminated from Eqs. 31 and
32 yields the built-in potential as a function of a. The results for silicon and gallium arsenide
linearly graded junctions are shown in Fig. 12.

When either forward or reverse bias is applied to the linearly graded junction, the
variations of the depletion layer width and the energy band diagram will be similar to
those shown in Fig. 10 for abrupt junctions. However, the depletion layer width will vary
as (Vy,; — V)13, where V is positive for forward bias and negative for reverse bias.

b EXAMPLE 3

For asilicon linearly graded junction with a impurity gradient of 102 cm™, the depletion-layer width
is 0.5 pm. Calculate the maximum field and built-in voltage (T = 300 K ) :

SOLUTION From Eq. 29a and Eq. 32, we obtain

2
a2 16x107x10% x(05x107)
& =L - ——=475x10° V/cm,
8¢, 8%11.9%8.85%x 10~
20 ~4
v, = 2L {ﬂ) = 2x00259 | L X05X10_1_ o645,
9q n 2x9.65x10 <
. 12 ’,4'
-—//
T[] Gaas
L0t T
g /”——-—
- 0.8 Si /—,—’
o . L
il —///—
0.6
" 300K
0.4 .,
1019 1020 1021 10%2 10%
a (cm™)

Fig. 12 Built-in potential for a linearly graded junction in Si and GaAs as a function of impurity
gradient.

2kT, (a’ekT /
* Based on an accurate numerical technique, the built-in potential is given by V,,; = E—;—ln[%}
qn;

For a given impurity gradient, the V,; is smaller than that calculated from Eq.32 by about 0.05 - 0.1 V.
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4.4 DEPLETION CAPACITANCE '

The J‘LlIlCthl‘l depletion layer capacitance per unit area is defined as C,= dQ/dV, where
dQ is the incremental change in depletlon layer charge per unit area for an incremental
change in the applied voltage dV."

Figure 13 illustrates the depletion capacitance of a p—n junction with an arbitrary
impurity distribution. The charge and electric-field distributions indicated by the solid
lines correspond to a voltage V applied to the n-side. If this voltage is increased by an
amount dV, the charge and field distributions will expand to those regions bounded by |
the dashed lines. In Fig. 13b, the incremental charge dQ corresponds to the colored area |
between the two charge distribution curves on either side of the depletion region. The |
incremental space charges on the n- and p-sides of the depletion region are equal but
with opposite charge polarity, thus maintaining overall charge neutrality. This incremental
charge dQ causes an increase in the electric field by an amount d &= dQ/g, (from Possion’s
equation). The corresponding change in the applied voltage dV, represented by the cross- |
hatched area in Fig. 13¢ is approximately Wd &, which equals WdQ/e,. Therefore, the deple-
tion capacitance per unit area is given by

CjEd =_d& € (33)

dv W _d_Q_ w
85'
£ 2
or Cj =—% F/cm®. (33a)
W .
Metallurgical
junction

—eV+dV (a)

(b)

()

Fig. 13 (a) p—n junction with an arbitrary impurity profile under reverse bias. (b) Change in
space charge distribution due to change in applied bias. (¢) Corresponding change in electric-
field distribution.

L3
The capacitance is also referred to as the transition region capacitance.

-
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4.4.1 Capacitance-Voltage Characteristics

Equation 33 for the depletion capacitance per unit area is the same as the'standard expres-
sion for a parallel-plate capacitor where the spacing between the two plates represents
the depletion-layer width. The equation is valid for any arbitrary impurity distribution.

In deriving Eq. 33 we have assumed that only the variation of the space charge in
the depletion region contributes to the capacitance. This certainly is a good assumption
for the reverse-bias condition. For forward biases, however, a large current can flow across
the junction corresponding to a large number of mobile carriers present within the neu-
tral region. The incremental change of these mobile carriers with respect to the biasing
voltage contributes an additional term, called the diffusion capacitance, which is considered
in Section 4.6.

For a one-sided abrupt junction, we obtain, from Egs. 27 and 33,

_& _ q€Ng
“ W2V, -V) (34
or
1 YV -V) |
C? - qesNB . <35)

It is clear from Eq. 35 that a plot of 1/C? versus V produces a straight line for a one-
sided abrupt junction. The slope gives the impurity concentration Ny of the substrate,
and the intercept (at 1/C?= 0) gives V.

b EXAMPLE 4
1 For asilicon one-sided abrupt junction with N, = 2 x 10'® cm™ and Ny, = 8 X 10 cm™®, calculate
the junction capacitance at zero bias and reversed bias of 4 V (T = 300 K).

SOLUTION From Egs. 12, 27, and 34, we obtain at zero bias

19 15
V,, = 0.02501n 2210 x8x 120 =0.906 V,
(9.65>< 109)
W = 26,V =\/2x11.9><8.85><10‘14 X0906 _ o oo 10 = 0386
V=0~ N -19 15 ) ) ’
gNp 16x107° x8x%10
‘ € _ |95N8 _ 9 798% 107 F/ em?.

fiv=o ™ Wiv—o V20

From Egs. 27 and 34, we can obtain at reverse bias of 4 V:

=
[

_ -14
= 288(Vbi V) - \/2 x11.9%x8.85x%10 X (0906 +4) =8.99 X 10—5 =0.899 pm,

V=—4 gNp 1.6x107"° x8x 10"
€

CJI =& | 98N8 _1179%10° F/cm?. . <
V=—4 W|V=—4 2AVy = V)
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44.2 Evaluation of Impurity Distribution

The capacitance-voltage characteristics can be used to evaluate an arbitrary impurity dis-
tribution. We consider the case of p*~n junction with a doping profile on the n-side, as
shown in Fig. 14b. As before, the incremental change in depletion layer charge per unit
area dQ for an incremental change in the applied voltage dV is given by gN(W) dW (i.e.,
the shaded area in Fig. 14b). The corresponding change in applied voltage (shaded area
in Fig, 14c) is

dV.—'z(dé”) W=(£l—Q—J W=M. (36)
2¢ ,

88 S

By substituting W from Eq. 33, we obtain an expression for the impurity concentration
at the edge of the depletion region:

2 1
qE; d(l/Cjz)/dV

N(W

—~ Metallurgical junction

V+dv

(a)

Py
dw
N(W)
0 x
(b)
0 x
5
dé=dQle

-&

(c)

Fig. 14  (a) p*—n junction with an arbitary impurity distribution. (b) Change in space charge
distribution in the lightly doped side due to a change in applied bias. (¢) Corresponding change
in the electric-field distribution.

-
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. Thus, we can measure the capacitance per unit area versus reverse-bias voltage and plot
4 1/C; 2versus V. The slope of the plot, that is, d (l/C 2)/dV, yields N(W). Simultaneously,
W is obtained from Eq. 33. A series of such calculatlons produces a complete impurity
profile. This approach is referred to as the C-V method for measuring impurity profiles.
1 For a linearly graded junction, the depletion layer capacitance is obtained from Egs.
31 and 33:

e 9 1/3
—9%s | F/em?. (38)
12(Vbi - V)

For such a junction we can plot 1/C? versus V and obtain the 1mpur1ty gradient and V,
from the slope and the intercept, respectively.

4.4.3 Varactor

74
.
b
G
5
g
i‘

Many circuit applications employ the voltage-variable properties of reverse-biased p—n
junctions. A p-n junction designed for such a purpose is called a varactor, which is a short-
ened form of variable reactor. As previously derived, the reverse-biased depletion capac-
itance is given by

C; o (Vi +Vg) (39)
or
C o (V) for Vg>>V,, (39)

where n = % for a linearly graded junction and n = /% for an abrupt junction. Thus, the
voltage sensitivity of C (i.e., variation of C with V) is greater for an abrupt junction than
for a linearly graded junction. We can further increase the voltage sensitivity by using a
hyperabrupt junction having an exponent n (Eq. 39) greater than /.

Figure 15 shows three p*—n doping profiles with the doner distribution Np(x) given
by B(x/x,)", where B and x, are constants, m = 1 for a linearly graded junction, m = 0 for
an abrupt junction, and m = % for a hyperabrupt junction. The hyperabrupt profile can

- K

Hyper abruptm = — %

Linearly gradedm =1

Fig. 15 Impurity profiles for hyperabrupt, one-sided abrupt, and one-sided linearly graded
- junctions.

-
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be achieved by epitaxial growth techniques discussed in Chapter 10. To obtain the
capacitance-voltage relationship, we solve Possion’s equation:

2 m
0

Integrating Eq. 40 twice with appropriate boundary conditions gives the dependence of
the depletion layer width on the reverse bias:

W o (V) (41)
Therefore,
_ &, -1/(m+2)
Cy=rtes (Va) (42)

Comparing Eq. 42 with Eq. 39a yields n = 1/(m + 2). For hyperabrupt junctions with
n > %, m must be a negative number.

By choosing different values for m, we can obtain a wide variety of C;-versus-V depen-
dencies for specific applications. One interesting example, shown in Fig. 15, is the case for
m = —%. For this case, n = 2. When this varactor is connected to an inductor L in a resonant
circuit, the resonant frequency varies linearly with the voltage applied to the varactor:

1 1 . Va for n=2. (43)
R

" JLC, i WV

¥ 4.5 CURRENT-VOLTAGE CHARACTERISTICS

A voltage applied to a p—n junction will disturb the precise balance between the diffu-
sion current and drift current of electrons and holes. Under forward bias, the applied
voltage reduces the electrostatic potential across the depletion region, as shown in the
middle of Fig. 16. The drift current is reduced in comparison to the diffusion current.
We have an enhanced hole diffusion from the p-side to the n-side and electron diffusion
from the n-side to the p-side. Therefore, minority carrier injections occur, that is, elec-
trons are injected into the p-side, whereas holes are injected into the n-side. Under reverse
bias, the applied voltage increases the electrostatic potential across the depletion region
as shown in the middle of Fig. 16b. This greatly reduces the diffusion currents, result-
_ing in a small reverse current. In this section, we first consider the ideal current-voltage
characteristics. We then discuss departures from these ideal characteristics due to gen- |
eration and recombination and other effects.

45.1 Ideal Characteristics

We now derive the ideal current-voltage characteristics based on the following assump-
tions: (a) The depletion region has abrupt boundaries and, outside the boundaries, the
semiconductor is assumed to be neutral; (b) the carrier densities at the boundaries are
related by the electrostatic potential difference across the junction. (c) the low-injection
condition, that is, the injected minority carrier densities, are small compared with the
majority carrier densities; in other words, the majority carrier densities are changed neg-
ligibly at the boundaries of neutral regions by the applied bias; and (d) neither genera-

-
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(b)

Fig. 16 Depletion region, energy band diagram and carrier distribution. (a) Forward bias. (b)
Reverse bias.

tion nor recombination current exists in the depletion region, and the electron and hole
currents are constant throughout the depletion region. Departures from these idealized
assumptions are considered in the next section.

At thermal equilibrium, the majority carrier density in the neutral regions is essen-
tially equal to the doping concentration. We use the subscripts n and p to denote the
semiconductor type and the subscript o to specify the condition of thermal equilibrium.
Hence, n,, and n, are the equilibrium electron densities in the n- and p-sides, respec-
tively. The expression for the built-in potential in Eq. 12 can be rewritten as

Onno
q n, q Ny

where the mass action law p,,n,,, = n? has been used. Rearranging Eq. 44 gives

Vi =

_ qVy, /kT
Ny = nwe .

(45)

Similarly, we have

Vi /KT

Ppo = Pno (46)

We note from Eqs. 45 and 46 that the electron density and the hole density at the two
boundaries of the depletion region are related through the electrostatic potential dif-
ference V), at thermal equilibrium. From our second assumption we expect that the
same relation holds when the electrostatic potential difference is changed by an applied
voltage.
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When a forward bias is applied, the electrostatic potential difference is reduced to
V,, — Vz; but when a reverse bias is applied, the electrostatic potential difference is
increased to Vy; + V. Thus, Eq. 45 is modified to

o= npeq(vb‘_v)/kT, (47)

where n, and n,, are the nonequilibrium electron densities at the boundaries of the deple-
tion region in the n- and p-sides, respectively, with V positive for forward bias and neg-
ative for reverse bias. For the low-injection condition, the injected minority carrier density
is much smaller than the majority carrier density; therefore, n, = n,,. Substituting this
condition and Eq. 45 into Eq. 47 yields the electron density at the boundary of the deple-
tion region on the p-side (x = —-xp):

n, = npoqu/kT (48)
or
n,=Np, = npo(qu/kT - 1). (48a)
Similarly, we have
P, = pnoqu/kT (49)
or
Pu=Pro=Puole” " -1) (49a)

at x = x, for the n-type boundary. Figures 16a and 16b show band diagrams and carrier
concentrations in a p—n junction under forward-bias and reverse-bias conditions, respec-
tively. Note that the minority carrier densities at the boundaries (-—xp and x,,) increase sub-
stantially above their equilibrium values under forward bias, whereas they decrease below
their equilibrium values under reverse bias. Equations 48 and 49 define the minority car-
rier densities at the boundaries of depletion region. These equations are the most impor-
tant boundary conditions for the ideal current-voltage characteristics.

Under our idealized assumptions, no current is generated within the depletion region;
all currents come from the neutral regions. In the neutral n-region, there is no electric
field, thus the steady-state continuity equation reduces to

2 —
d Po _Po=Puo g, (50)
dx Dpr

The solution of Eq. 50 with the boundary conditions of Eq. 49 and p, (x = o) = p,, gives

Pu=Pro = Pno(qu/kT - 1) )Ly, (51)

where L, which is equal to V D,t,, is the diffusion length of holes (minority carriers) in
the n-region. Atx = x,,

— qupno (qu/kT _ 1) (52)

xp LP

dp.,
Jp(xa) =-4D, CZC
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Similarly, we obtain for the neutral p-region

Mp=Mpo = "PO(qu/kT B 1) e(“"p)/Ln o (53)
and
dn D,n,,
I S

n

where L,,, which is equal to V' D, 7,, is the diffusion length of electrons. The minority car-
rier densities (Egs. 51 and 53) are shown in the middle of Fig,. 17.

The graphs illustrate that the injected minority carriers recombine with the major-
ity carriers as the minority carriers move away from the boundaries. The electron and
hole currents are shown at the bottom of Fig. 17. The hole and electron currents at the

boundaries are given by Eqs. 52 and 54, respectively. The hole diffusion current will decay

n,p

=
S
=
3

=
I
|

1]

(a) (b)

Fig. 17 Injected minority carrier distribution and electron and hole currents. (¢) Forward bias.
(b) Reverse bias. The figure illustrates idealized currents. For practical devices, the currents are
not constant across the space charge layer.
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exponentially in the n-region with diffusion length L, and the electron diffusion current
will decay exponentially in the p-region with diffusion length L,.
The total current is constant throughout the device and is the sum of Eqs. 52

and 54:

J =]p(xn)+]n(—xp) =Js(qu/kT _ 1)’

_ 9DpPno 4D n"po

L, L,

Js

b

(35)

(55a)

where ] is the saturation current density. Equation 55 is the ideal diode equation.! The
ideal current-voltage characteristic is shown in Figs. 18a and 18b in the Cartesian and

1,
5
" \Fowvard
[ N R [T T B A
-5 0 5 GVAT
\_ ~-—+-1
Reverse
(a)
104 -
103 -
102 Forward
=
10 /Reverse
100 -/———;
10—1||||||n|||
0 5 10
gIVI/kT
(b)

Fig. 18 Ideal current-voltage characteristics. (a) Cartesian plot. (b) Semilog plot.
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semilog plots, respectively. In the forward direction with positive bias on the p-side, for
V 2 3kT/q, the rate of current increase is constant, as shown in Fig. 18b. At 300 K for
every decade change of current, the voltage change for an ideal diode is 60 mV (= 2.3
kT/q). In the reverse direction, the current density saturates at —J,.

EXAMPLE 5

Calculate the ideal reverse saturation current in a Si p-n junction diode with a cross-sectional area
of 2 x 10~ cm?. The parameters of the diode are

N,=5x10%8cm>, Np=10%cm™®,  n,=9.65x10° cm™

D, = 21 cm¥s, D, = 10 cm?s, 7,=1,=5%x107s.

SOLUTION From Eq. 552 and L, = VD, 7,, we can obtain

] _9DpPro  GDunm _

L, L, ND r NA

=16x107 x(9.65x 109 L |2
( 1016 5><10'7 5% 1016 5% 10'7

-858x 1072 A/em?,
From the cross-sectional area A = 2 X 10~ cm?, we obtain

I,=Ax]J,=2x10"x858x1072 =1.72x 1075 A, <

' 452 Generation-Recombination and High-Injection Effects

The ideal diode equation, Eq. 55, adequately describes the current-voltage characteris-
tics of germanium p—n junctions at low current densities. For silicon and gallium arsenide
p-n junctions, however, the ideal equation can only give qualitative agreement because
of the generation or recombination of carriers in the depletion region.

Consider the reverse-bias condition first. Under reverse bias, carrier concentrations
in the depletion region fall far below their equilibrium concentrations. The dominant
generation-recombination processes discussed in Chapter 3 are those of electron and hole
emissions through bandgap generation-recombination centers. The capture processes are
not important because their rates are proportional to the concentration of free carriers,
which is very small in the reverse-biased depletion region.

The two emission processes operate in the steady state by alternately emitting elec-
trons and holes. The rate of electron-hole pair generation can be obtained from Eq. 48
of Chapter 3 with the conditions p, < n, and n,, < n;:

o,0,0,N

{ G=-U= pYnYth='t n,

1 o exp| 2oL | g exp| B Ee L

nP TR PSP T

|

b = ﬁi_ , (56)
‘ Tg

where 7,, the generation lifetime, is the reciprocal of the expression in the square brack-
ets. We can arrive at an important conclusion about electron-hole generation from this
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expression. Let us consider a simple case where 0,=0, =0, . For this case, Eq. 56 reduces
to : ‘ ‘
G= 0,0y N tTi .
E,—-E,
=)
The generation rate reaches a maximum value at E, = E, and falls off exponentially as E,
moves in either direction away from the middle of the bandgap. Thus, only those cen-
ters with an energy level of E, near the intrinsic Fermi level can contribute significantly

to the generation rate.
The current due to generation in the depletion region is

qn,W

(57)

2 cosh(

Jgm =19 qGdx =qGW = (58)
g

where W is the depletion layer width. The total reverse current for a p*—n junction, that

is, for N4 >> Np, and for V > 3kT/q, can be approximated by the sum of both the diffu-

sion current in the neutral regions and the generation current in the depletion region:

7, Np T

(59)

8

For semiconductors with large values of n,, such as germanium, the diffusion current dom-
inates at room temperature, and the reverse current follows the ideal diode equation.
But if n, is small, such as for silicon and gallium arsenide, the generation current in the
depletion region may dominate.

¥ EXAMPLE 6

Consider the Si p-n junction diode in Example 5 and assume 7,=17,=1,, calculate the generation
current density for a reverse bias of 4 V.

SOLUTION From Eq. 20, we obtain

W %(M)(va): 2, (N“ND] NN
q NAND q NAND q

n;
—14 16 16 16 16
- 2x11.9%x8.85x10 5% 10 +106 0.0259 ln5><10 x 10 +V
1.6x107%° 5% 10 x 10 (9.65 % 10°)?

=3.97x~0.758+V x 107 cm.

Hence the generation current density is

-19 9
Jom = 2 2 10 “05 X905x10 397 xV/0.758+V x 105 A/cm?
g x 10~

=1.22x+0.758+V x 10”7 A/cm?.

If we apply a reversed bias of 4V, the generation current density is 2.66 x 107 A/cm?. “«{
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Under forward bias, the concentrations of both electrons and holes exceed their equi-
librium values. The carriers will attempt to return to their equilibrium values by recom-
bination. Therefore, the dominant generation-recombination processes in the depletion
region are the capture processes. From Eq. 49 we obtain

VIKT _ 2 gV/KT
Palty = Pnonnoeq =n; eq : (60)

Substituting Eq. 60 in Eq. 48 of Chapter 3 and assuming ¢, = 0, = 0, yields

o,V N,n;j\e ( qv /KT 1)
U= . 61
Z E-F, (61)
n, +p, +an; cos T
In either recombination or generation, the most effective centers are those located near
E,. As practical examples, gold and copper yield effective generation-recombination cen-

ters in silicon where the values of E, - E, are 0.02 V for gold and —0.02 eV for copper.

~ In gallium arsenide, chromium gives an effective center with an E, — E, value of 0.08 eV.

Equation 61 can be simplified for the case E, = E;;:

n? GIV/KT _ 1)

U=o0,u,N, (62)

n,+p,+2n;
For a given forward bias, U reaches its maximum value at a location in the depletion region
either where the denominator n, + p, + 2n, is a minimum or where the sum of the elec-
tron and hole concentrations, n, + p,,, is at its minimum value. Since the product of these
concentrations is a constant given by Eq. 60, the condition d(p, + n,) = 0 leads to

dp, =-dn, =£ﬂ—2—'—’-dpn (63)
Pn
or
Pp=0, (64)

as the condition for the minimum. This condition exists at the location in the depletion
region, where E, is halfway between E, and Ep,, as illustrated in the middle of Fig. 16a.
Here, the carrier concentrations are

pn =n, = niqu/sz (65)
and, therefore,

n2(e?V/T _ 1)

Upax = 6,04 N, - (eqwm - 1) . (66)
For V > 3kT/q,
U, = —;—aovthNtn,.qu/ 2KT. (67)
The recombination current is then
Toue = Io qUdx = ;’V 0,05 N,n,e" /2T = q:[r’ni GV (68)

r
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~ where 1, is the effective recombination lifetime given by 1/(6,v,,N,.) The total forward
current can be approximated by the sum of Egs. 55 and 68. For p,,, >> n,,, and V > 3kT/g

we have
D, n? wiar qWn, .viekr |
Jp =q, | =L b oA L DT gV /EHT, (69)
: V7, Np 27,

In general, the experimental results can be represented empirically by

v
Jr = exx{;;]ﬁ} (70)

where the factor 7 is called the ideality factor. When the ideal diffusion current domi-
nates, 1 = 1; whereas when the recombination current dominates, 7 = 2. When both cur-
rents are comparable, 7] has a value of between 1 and 2.

Figure 19 shows the measured forward characteristics of a silicon and gallium arsenide
p—n junction at room temperature.? At low current levels, recombination current dominates
and 71 = 2. At higher current levels, diffusion current dominates and 1 approaches 1.

At even higher current levels, we notice that the current departs from the ideal 7 =
1 situation and increases more gradually with forward voltage. This phenomenon is asso-
ciated with two effects: series resistance and high injection. We first consider the series
resistance effect. At both low- and medium-current levels, the IR drop across the neu-
tral regions is usually small compared with kT/q (26 mV at 300 K), where I is the for-
ward current and R is the series resistance. For example, for a silicon diode with R =

107!

107°
0

Fig. 19 Comparison of the forward current-voltage characteristics of Si and GaAs diodes? at 300
K. Dashed lines indicate slopes of different ideality factors .
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1.5 ohms, the IR drop at 1 mA is only 1.5 mV. However, at 100 mA, the IR drop becomes
0.15 V, which is six times larger than kT/g. This IR drop reduces the bias across the deple-
tion region; therefore, the current becomes

R q(V - IR) I exp(qV / kT) |
P kT

and the ideal diffusion current is reduced by the factor exp[g(IR)/kT].

At high-current densities, the injected minority carrier density is compariable to the
majority concentration, that is at the n-side of the junction p, (x =x,) = n,. This is the
high-injection condition. By substituting the high-injection condition in Eq. 60, we obtain
p, (x = x,) = n,exp (gV/2kT). Using this as a boundary condition, the current becomes
roughly proportional to exp (qV/2kT). Thus, the current increases at a slower rate under
the high-injection condition.

“ 453 Temperature Effect

Operating temperature has a profound effect on device performance. In both the
forward-bias and reverse-bias conditions, the magnitudes of the diffusion and the
recombination-generation currents depend strongly on temperature. We consider the for-
ward-bias case first. The ratio of hole diffusion current to the recombination is given by
Laiwion  _ 9 " Lp T jqvinkt exp JLemdv) (72)
recombination N p W Tp 2kT

I

This ratio depends on both the temperature and the semiconductor bandgap. Figure 20a
shows the temperature dependence of the forward characteristics of a silicon diode. At

1074 107
i 125
g 1078 g IO_BL
; ~Lr.( ~Y-n 75
10710 1070 25
- Si
]_0"12 L | | L 10-12 ) ) 1 L
0 02 04 06 08 10 1072 10° 102
Ve(V) Vg (V)

(a) (b)

Fig.20 Temperature dependence of the current-voltage characteristics of a Si diode2.
(@) Forward bias. (b) Reverse Bias. :
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room temperature for small forward voltages, the recombination current generally dom-
inates, whereas at higher forward voltages the diffusion current usually dominates. At a
given forward bias, as the temperature increases, the diffusion current will increase more
rapidly than the recombination current. Therefore, the ideal diode equation will be fol-
lowed over a wide range of forward biases as the temperature increases.

The temperature dependence of the saturation current density J, (Eq. 55a) for a one-
sided p*—n junction in which diffusion current dominates is given by

Jo= b ot exp[— —g)- (73)

Thus, the activation energy obtained from the slope of a plot of ], versus 1/T corresponds
to the energy bandgap E, _

In the reverse-bias condition for a p*-n junction, the ratio of the diffusion current
to the generation current is

n;L, _‘L_'g_.
Np,W Ty

I diffusion
I

(74)
generation
This ratio is proportional to the intrinsic carrier density n,. As the temperature increases,
the diffusion current eventually dominates. Figure 20b shows the effects of temperature
on the reverse characteristics of a silicon diode. At low temperatures, the generation cur-
rent dominates and the reverse current varies as V'V in accordance with Eq. 58 for an
abrupt junction (i.e., W ~ \/VR). As the temperature increases beyond 175°C, the cur-
rent demonstrates a saturation tendency for V 2 3kT/q, at which point the diffusion cur-
rent becomes dominant.

P 4.6 CHARGE STORAGE AND TRANSIENT BEHAVIOR

Under forward bias, electrons are injected from the n-region into the p-region and holes
are injected from the p-region into the n-region. Once injected across the junction, the
minority carriers recombine with the majority carriers and decay exponentially with dis-
~ tance, as shown in Fig. 17a. These minority-carrier distributions lead to current flow and
to charge storage in the p-n junction. We consider the stored charge, its effect on junc-

tion capacitance, and the transient behavior of the p—n junction due to sudden changes
of bias.

4.6.1 Minority-Carrier Storage
The charge of injected minority carriers per unit area stored in the neutral n-region can
be found by integrating the excess holes in the neutral region, shown as the shaded area
in the middle of Fig. 17a, using Eq. 51:
Qp = q.[;:(pn - pno)' dx,
=ql, pno(e"V”‘T —1) o) L gy

=9L,p.(e” " -1). (75)

A similar expression can be obtained for the stored electrons in the neutral p-region. The
number of stored minority carriers depends on both the diffusion length and the charge
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density at the boundary of the depletion region. We can express the stored charge in terms
of the injected current. From Egs. 52 and 75, we have

2

L
Qp=—,§’;1p(xn)=rpfp(xn) (76)

Equation 76 states that the amount of stored charge is the product of the current and
lifetime of the minority carriers. This is because the injected holes diffuse farther into
the n-region before recombining if their lifetime is longer; thus, more holes are stored.

b EXAMPLE 7

i
Ly
L
|
9

For an ideal abrupt silicon p*—n junction with N, = 8 X 10 cm, calculate the stored minority
carriers per unit area in the neutral n-region when a forward bias of 1V is applied. The diffusion
length of the holes is 5 pm.

SOLUTION From Eq. 75, we obtain

8x10%
=4.69%10"% C/cm?. <

% 10° 1
_ gV /KT _ -19 -4 (965)(10 ) 0.0259
Qp=9qL,p e -1]=16Xx107" X5x 10" ecm X ————X| e -1

. 462 Diffusion Capacitance
The depletion-layer capacitance considered previously accounts for most of the junction
i capacitance when the junction is reverse biased. When the junction is forward biased,
' there is an additional significant contribution to junction capacitance from the rear-
L rangement of the stored charges in the neutral regions. This is called the diffusion capac-
k. itance, denoted C,, a term derived from the ideal-diode case in which minority carriers
move across the neutral region by diffusion.

The diffusion capacitance of the stored holes in the neutral n-region is obtained by
applying the definition C, = AdQ,/dV to Eq. 75:

Aq Lpp no qV/kT

kT ()

d=

where A is the device cross-section area. We may add the contribution to C; of the stored
electrons in the neutral p-region in cases of significant storage. For a p*—n junction, how-
ever, n,,, << p,, , and the contribution to C; of the stored electrons becomes insignifi-
cant. Under reverse bias (i.e., V is negative), Eq. 77 shows that C; is inconsequential because
of negligible minority-carrier storage.

1 In many applications we prefer to represent a p—n junction by an equivalent circuit.
In addition to diffusion capacitance C; and depletion capacitance C;, we must include
conductance to account for the current through the device. In the ideal diode the con-
ductance can be obtained from Eq. 55:

A qA I |
Attt = I RTARK S (78)
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T TLL
L TTT

Fig.21  Small-signal equivalent circuit of a p-n junction.

<

The diode equivalent circuit is shown in Fig. 21, where C; stands for the total depletion
capacitance (i.e., the result in Eq. 33 times the device area A). For low-voltage, sinusoidal
excitation of a diode that is biased quiescently (i.e., at dc), the circuit shown in Fig. 21
provides adequate accuracy. Therefore, we refer to it as the diode small-s1gna1
equivalent circuit.

4.6.3 Transient Behavior

For switching applications, the forward-to-reverse-bias transition must be nearly abrupt
and the transient time short. Figure 22a shows a simple circuit where a forward current
I, flows through a p—n junction. At time ¢ = 0, switch S is suddenly thrown to the right
and an initial reverse current I = V/R flows. The transient time ¢, plotted in Fig. 22b,
is the time required for the current to reach 10% of the initial reverse current Ip.

The transient time may be estimated as follows. Under the forward-bias condition,
the stored minority carriers in the n-region for a p*-n junction is given by Eq. 76:

Ir
PA’
where I is the total forward current and A is the device area. If the average current flow-

ing during the turn-off period is I ,,. , the turn-off time is the length of time required
to remove the total stored charge Q,: |

Qp=7,J, =7 (79)

QpA 1
toff = i g2 = Tp I_L . (80)

R,ave R,ave

I
Ip J R I |
M ’ t
+ _ 0 ;
Ve, = =V
F_.I. *I _-|_-,+R 0.1 IR
IR

A toff

Fig.22 Transient behavior of a p—n junction. () Basic switching circuit. (b) Transient response
of the current switched frotn forward bias to reverse bias. “

!
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Fig. 23 Normalized transient time versus the ratio of forward current to reverse current.

Thus the turn-off time depends on both the ratio of forward to reverse currents and
the lifetime of the minority carriers. The result of a more precise turn-off time calcula-
tion® accounting for the time-dependent minority-carrier diffusion problem is shown in
‘ Fig. 23. For fast-switching devices, we must reduce the lifetime of the minority carriers.
Therefore, recombination-generation centers that have energy levels located near mid-
E  bandgap, such as gold in silicon, are usually introduced.

When a sufficiently large reverse voltage is applied to a p—n junction, the junction breaks
down and conducts a very large current. Although the breakdown process is not inher-
ently destructive, the maximum current must be limited by an external circuit to avoid
excessive junction heating. Two important breakdown mechanisms are the tunneling effect
and avalanche multiplication. We consider the first mechanism briefly and then discuss
avalanche multiplication in detail, because avalanche breakdown imposes an upper limit
on the reverse bias for most diodes. Avalanche breakdown also limits the collector volt-
age of a bipolar transistor (Chapter 5) and the drain voltage of a MOSFET (Chapter 6).
In addition, the avalanche multiplication mechanisms can generate microwave power, as
in an IMPATT diode (Chapter 8), and detect optical signals, as in an avalanche pho-
todetector (Chapter 9).

4 71 Tunneling Effect

. When a high electric field is applied to a p—n junction in the reverse direction, a valence
‘; electron can make a transition from the valence band to the conduction band, as shown
in Fig. 24a. This process, in which an electron penetrates through the energy bandgap,
is called tunneling.

# The tunneling process is discussed in Chapter 3. Tunneling occurs only if the elec-
b tric field is very high. The typical field for silicon and gallium arsenide is about 10° V/cm
or higher. To achieve such a high field, the doping concentrations for both p- and n-regions
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(a) (b)

Fig.24 Energy band diagrams under junction-breakdown conditions. (¢) Tunneling effect. (b)
Avalanche multiplication.

must be quite high (>5 x 101" cm™3). The breakdown mechanisms for silicon and gallium
arsenide junctions with breakdown voltages of less than about 4E,/q, where E,is the
bandgap, are the result of the tunneling effect. For junctions w1th%)reakdown voltages
in excess of 6E,/q, the breakdown mechanism is the result of avalanche multiplication.
At voltages between 4 and 6E /9, the breakdown is due to a mixture of both avalanche
multiplication and tunneling.*

4.1.2 Avalanche Multiplicatidn

- The avalanche multiplication process is illustrated in Fig. 24b. The p—n junction such as
a p*-n one-sided abrupt junction with a doping concentration of Np, = 107 cm™ or less
is under reverse bias. This figure is essentially the same as Fig. 25 in Chapter 3. A ther-
mally generated electron in the depletion region (designated by 1) gains kinetic energy
from the electric field. If the field is sufficiently high, the electron can gain enough kinetic
energy that on collision with an atom, it can break the lattice bonds, creating an elec-
tron-hole pair (2 and 2). These newly created electron and hole both acquire kinetic energy
from the field and create additional electron-hole pairs (e.g., 3 and 3'). These in turn con-
tinue the process, creating other electron-hole pairs. This process is therefore called
avalanche multiplication.

To derive the breakdown condition, we assume that a current I, is incident at the
left-hand side of the depletion region of width W, as shown in Fig. 25. If the electric
field in the depletion region is high enough to initiate the avalanche multiplication pro-
cess, the electron current I, will increase with distance through the depletion region to
reach a value M, I, at W, where M,, the multiplication factor, is defined as

M,= In(W).
I

no

(81)

Similarly, the hole current I, increases from x = W to x = 0. The total current I = (I,, +
I,) is constant at steady state. The incremental electron current at x equals the number
of electron-hole pairs generated per second in the distance dx:
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Fig.25 Depletion region in a p—n junction with multiplication of an incident current.

d[%’) - (%-J(andx) + (—Ié’—](apdx) (82)

ch" + (ap - an)I n =0, (82a)

where o, and «, are the electron and hole ionization rates, respectively. If we use the
simplified assumption that ¢, =a, =@, the solution of Eq. 82a is

L(W)-1.(0)

or

=J," adx. (83)

From Egs. 81 and 83, we have

q
-
M

=J," adx. (83a)

n

i The avalanche breakdown voltage is defined as the voltage where M,, approaches infin-
. ity. Hence, the breakdown condition is given by

[ ade=1. (84)

From both the breakdown condition described above and the field dependence of
the ionization rates, we may calculate the critical field (i.e., the maximum electric field
§  at breakdown) at which the avalanche process takes place. Using measured ¢, and a,
s (Fig. 26 in Chapter 3) the critical field &, are calculated for silicon and gallium arsenide
B! one-sided abrupt junctions and shown in Fig. 26 as functions of the impurity concentra-
L tion of the substrate. Also indicated is the critical field for the tunneling effect. It is evi-
dent that tunneling occurs only in semiconductors having high doping concentrations.

With the critical field determined, we may calculate the breakdown voltages. As dis-
cussed previously, voltages in the depletion region are determined from the solution of
Possion’s equation:

2

Vg (breakdown Voltage) = —é—zzl/- = 832 i@; (N B)_l (85)
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Fig. 26 Critical field at breakdown versus background doping for Si and GaAs one-sided abrupt
junctions.’?

for one-sided abrupt junctions and

Vs

_26W _ 48" (EELJUZ (a)—l/z (36)

3 3 q

for linearly graded junctions, where Ny is the background doping of the lightly doped
side, g, is the semiconductor permittivity, and a is the impurity gradient. Since the crit-
ical field is a slowly varying function of either Nj or a, the breakdown voltage, as a first-
order approximation, varies as Ny for abrupt junctions and as a7*? for linearly graded
junctions.

Figure 27 shows the calculated avalanche breakdown voltages for silicon and gallium
arsenide junctions.’ The dash-dot line (to the right) at high dopings or high-impurity gra-
dients indicates the onset of the tunneling effect. Gallium arsenide has higher breakdown
voltages than silicon for a given N or ¢, mainly because of its larger bandgap. The larger
the bandgap, the larger the critical field must be for sufficient kinetic energy to be gained
between collisions. As Eqs. 85 and 86 demonstrate, the larger critical field, in turn, gives
rise to higher breakdown voltage.

The inset of Fig. 28 shows the space-charge distribution of a diffused junction with
a linear gradient near the surface and a constant doping inside the semiconductor. The
breakdown voltage lies between the two limiting cases of abrupt junction and linearly
graded junction considered previously.5 For large a and low Nj, the breakdown voltage
of the diffused junctions is given by the abrupt junction results shown on the bottom line
in Fig. 28, whereas for small ¢ and high Ny, V; is given by the linearly graded junction
results indicated by the parallel lines in Fig. 28.

» EXAMPLE 8

Calculate the breakdown voltage for a Si one-sided p*~n abrupt junctions with Nj, = 5 x 10 cm,

SOLUTION  Front Fig. 26, we see that the critical field at breakdown for a Si one-sided abrupt
junction is about 5.7 X 10° V/em. Then from Eq. 85, we obtain

e ———
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Fig. 27 Avalanche breakdown voltage versus impurity concentration for one-sided abrupt junc-
tion and avalanche breakdown voltage versus impurity gradient for linearly graded junction in Si
and GaAs. Dash-dot line indicates the onset of the tunneling mechanism.®
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A (breakdown voltage) = éz-zyv— = 552%_ ( NB)_I’
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In Figs. 27 and 28 we assume that the semiconductor layer is thick enough to sup-
port the reverse-biased depletion layer width W,, at breakdown. If the semiconductor
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Fig. 28 Breakdown voltage for diffused junctions. Inset shows the space charge distribution.®
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layer W is smaller than W,, as shown in the inset of Fig. 29, the device will be punched
through; that is, the depletion layer will reach the n—n* interface prior to breakdown.
Increase the reverse bias further and the device will break down. The critical field &, is
essentially the same as that shown in Fig. 26. Therefore, the breakdown voltage V; for
the punch-through diode is

Vi _ shaded area in Fig. 29 inset
A (6w,,)/2

-2

Punch-through occurs when the doping concentration N becomes sufficiently low,
as in ap*~m—n* or p*~v-n* diode, where 7 stands for a lightly doped p-type and v stands
for a lightly doped n-type semiconductor. The breakdown voltages for such diodes cal-
culated from Egs. 85 and 87 are shown in Fig. 29. For a given thickness, the breakdown
voltage approaches a constant value as the doping decreases.

)

b EXAMPLE 9

For a GaAs p*-—n one-sided abrupt junction with N, = 8 x 10" cm, calculate the depletion width
at breakdown. If the n-type region of this structure is reduced to 20 pm, calculate the breakdown
voltage.

SOLUTION From Fig. 27, we can find the breakdown voltage (V) is about 500 V, which is much
larger than the built-in voltage (V). And from Eq. 27, we obtain

=293x107° =29.3 um.

2,(Viu = V) _ \jz % 12.4 % 8.85 % 1074 x 500
gNg 1.6x 107 x 8 x 10
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Fig.29 Breakdown voltage for p*~n—n* and p*~v—n* junctions. W is the thickness of the lightly
doped p-type (7) or the lightly doped n-type (v) region.
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Fig. 30 (@) Planar diffusion process that forms junction curvature near the edge of the diffusion
mask, where r; is the radius of curvature. (b) Cylindrical and spherical regions formed by diffu-
sion through a rectangular mask. ‘

When the n-type region reduces to 20 um, the punch-through will occur first. From Eq. 87, we
can obtain

: . Vg _ shaded area in Fig. 29 inset _[ w )[2 W ]

Vs (6w,)/2 W, W,
V=Vl | 2- | = 500%| 22 | 222 |- 449 v. -
W, W, 293 |~ 29.3

Another important consideration of breakdown voltage is the junction curvature effect.”
When a p—n junction is formed by diffusion through a window in the insulating layer on
a semiconductor, the impurities diffuse downward and sideways (see Chapter 13). Hence,
the junction has a plane (or flat) region with nearly cylindrical edges, as shown in Fig.
L. 30a. If the diffusion mask contains sharp corners, the corner of the junction will acquire
L the roughly spherical shape shown in Fig. 30b. Because the spherical or cylindrical regions
of the junction have a higher field intensity, they determine the avalanche breakdown
voltage. The calculated results for silicon one-sided abrupt junctions are shown in Fig,
31. The solid line represents the plane junctions considered previously. Note that as the
junction radius r; becomes smaller, the breakdown voltage decreases dramatically, espe-
cially for spherical junctions at low impurity concentrations.




124 » Chapter 4. p—n Junction

1000 Si One-sided

- = o0) abrupt junctions |

=~ ~——————— Plane

S - = == === == Cylindrical 1

e 10pm AN Spherical 1

= loo~ W 3 p |

I |

S CTEeteelll ]

> —— —_ S~ -

5 i ;:,: 0.1 ,J,m‘i- == =~ -

'?3 10 ! ----- bl
= - I

& F :

1 Lol gl 1oa gl Lo Ll ]

10 101 106 10%7 1018

Impurity concentration Ny (cm™)

Fig. 31 Breakdown voltage versus impurity concentration for one-sided abrupt doping profile
with cylindrical and spherical junction geometries,” where 7 is the radius of curvature indicated
in Fig. 30.

4.8 HETEROJUNCTION

A heterojunction is defined as a junction formed between two dissimilar semiconduc-
tors. Figure 32a shows the energy band diagram of two isolated pieces of semiconduc-
tors prior to the formation of a heterojunction. The two semiconductors are assumed to
have different energy bandgaps E,, different dielectric permittivities ¢, different work
function g¢,, and different electron affinities gx. The work function is defined as the energy
required to remove an electron from Fermi level E to a position just outside the mate-
rial (the vacuum level). The electron affinity is the energy required to remove an elec-
tron from the bottom of the conduction band E, to the vacuum level. The difference in
energy of the conduction band edges in the two semiconductors is represented by AE,,
and the difference in energy in the valence band edges is represented by AEy,. From Fig,
32a, AE and AEy, can be expressed by

AE; = Q(Z2 "Zl) ’(884)

and
AEy = E, + qi - (Eg + q2a) = AE, — AE, (88b)

where AE, is the energy band difference and AE, = E,; - E,.

Figure 32b shows the equilibrium band d1agram of an ideal abrupt heterojunction
formed between these semiconductors.® In this diagram it is assumed that there is a neg-
ligible number of traps or generation-recombination centers at the interface of the two
dissimilar semiconductors. Note that this assumption is valid only when heterojunctions
are formed between semiconductors with closely matched lattice constants. Therefore,
we must choose lattice-matched materials to satisfy the assumption.! For example, the
Al Ga,_, As materials, with x from 0 to 1, is the most important material for heterojunc-

§The lattice-mismatched epitaxy, also called the strained-layer epitaxy, is considered in Section 10.6.

e — ‘
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Fig. 32 (a) Energy band diagram of two isolated semiconductors. (b) Energy band diagram of
an ideal n—p heterojunction at thermal equilibrium.

tions. When x = 0, we have GaAs, with a bandgap of 1.42 eV and a lattice constant of
5.6533 A at 300 K. When x = 1, we have AlAs, with a bandgap of 2.17 eV and a lattice
constant of 5.6605 A. The bandgap for the ternary Al Ga,_, As increases with x; however,
the lattice constant remains essentially a constant. Even for the extreme cases where
x =0 and x = 1, the lattice constant mismatch is only 0.1%.

There are two basic requirements in the construction of the energy band diagram:
(a) the Fermi level must be the same on both sides of the interface in thermal equilib-

rium, and (b) the vacuum level must be continuous and parallel to the band edges. Because
of these requirements, the discontinuity in conduction band edges AE and valence band

edges AE, will be unaffected by doping as long as the bandgap E, and electron affinity -

qx are not functions of doping (i.e., as in nondegenerate semiconductors). The total built-
in potential V}, can be expressed by

Ve = Vi + Vi, (89)
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where V,,; and V,, are the electrostatic potentials at equilibrium in semiconductors 1 and
2, respectively. ‘

Under the conditions that the potential and the free-carrier flux density (defined as
the rate of free-carrier flow through a unit area) are continuous at the heterointerface,
we can derive the depletion widths and capacitance from the Poisson equation using the
conventional depletion approximation. One boundary condition is the continuity of elec-
tric displacement, that is,&, &, = €,&;, where &, and &, are the electric fields at the inter-
face (x = 0) in semiconductors 1 and 2, respectively. V;, and V,, are given by

Vy = — 2 (% ) (90a)
€N, + &N,
eN, (V, - V

Vip = — : (% ), (90D)

where N, and N, are the doping concentrations in semiconductors 1 and 2, respectively.
The depletion widths x; and x, can be obtained by

2¢,8,N; (Vj = V)

x; = (91a)
qNy (€1N1 + €2N2)
and
2818,N, (V) =V
X, = 1€2 1( b ) (91b)
qN, (81N1 + 32N2)
#» EXAMPLE 10

Consider an ideal abrupt heterojunction with a built-in potential of 1.6 V. The impurity concen-
trations in semiconductor 1 and 2 are 1 x 106 donors/cm? and 3 x 10%° acceptors/cm?, and the dielec-
tric constants are 12 and 13, respectively. Find the electrostatic potential and depletion width in
each material at thermal equilibrium.

SOLUTION From Eq. 90, the electrostatic potentials of a heterojunction at thermal equilibrium

orV=0are
13x(3>< 1019)x1.6
\ O =16V
12><(1><1016) + 13><(3>< 1019)
and
12><(1x1016)><1.6
Vi = = 49x107* V.

12x(1><1016) + 13><(3><1019)

The depletion widths can be calculated by Eq. 91:

9x12x13x (8.85‘x 10‘14) x (3 x 1019)>< 16

=4.608%107° cm,

(1.6x1079)x(1x10%)x(12:1x10® + 13-3x10"?)
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2 12x13x(8.85x 10“14)x(1x1016)><1.6 .
= 1536x10"° cm

oo (L6x107%)x(3x10%)x (12 1x 10" + 13-3x10°)

We see that most of the built-in potential is in the semiconductor with a lower doping concentra-
tion. The depletion width there is also much wider.

SUMMARY

A p-n junction is formed when a p-type and an n-type semiconductor are brought into
intimate contact. The p-n junction, in addition to being a device that is used in many
application, is the basic building block for other semiconductor devices. Therefore, an
understanding of junction theory serves as the foundation to understanding other semi-
conductor devices.

Most modern p—n junctions are fabricated using “planar technology.” This technol-

ogy includes the thermal oxidation process to grow an oxide layer on the semiconductor
surface, the lithography process to open an window in the oxide, the diffusion or ion implan-
g taion process to form a p—n junction in the window area, and the metallization process
to provide contacts to connect the junction to other circuit elements. Planar technology
is covered in detail in Chapters 10-14.
5’ When a p—n junction is formed, there are uncompensated negatlve ions (N) on the
p-side and uncompensated positive ions (Np)on the n-side. Therefore, a depletion region
(i.e., depletion of mobile carriers) is formed at the junction. This region, in turn, creates
an electric field. At thermal equilibrium, the drift current due to the electric field is exactly
balanced by the diffusion current due to concentration gradients of the mobile carriers
on the two sides of the junction. When a positive voltage is applied to the p-side with
respect to the n-side, a large current will flow through the junction. However, when a
negative voltage is applied, virtually no current flows. This “rectifying” behavior is the
most important characteristic of p-n junctions.

The basic equations presented in Chapters 2 and 3 have been used to develop the

ideal static and dynamic behaviors of p—n junctions. We derived expressions for the deple-
tion region, the depletion capacitance, and the ideal current-voltage characteristics of p—n
junctions. However, practical devices depart from these ideal characteristics because of
carrier generation and recombination in the depletion layers, high injection under for-
ward bias, and series-resistance effects. The theory and methods of calculating the effects
of these departures from the ideal are discussed in detail. We also considered other fac-
tors that influence p—n junctions, such as minority-carrier storage, diffusion capacitance,
i and transient behavior in high-frequency and switching applications.
o A limiting factor in the operation of p—n junctions is junction breakdown—especially
that due to avalanche multiplication. When a sufficiently large reverse voltage is applied
: to a p—n junction, the junction breaks down and conducts a very large current. Therefore,
the breakdown voltage imposes an upper limit on the reverse bias for p—n junctions. We
ff*: derived equations for the breakdown condition of the p—n junction and have shown the
e effect of device geometry and doping on the breakdown voltage.

A related device is the heterojunction formed between two dissimilar semiconduc-
tors. We obtained expressions for its electrostatic potentials and depletion widths. These
expressions are simplified to that for a conventional p-n junction when these two semi-
conductors become identical.

-
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1143 Copper Metallization

It is well known that both high conductivity wiring and low—dielectric-constant insula-
tors are required to lower the RC time delay of the interconnect network. Copper is the
obvious choice for a new interconnection metallization because it has higher conductiv-
ity and higher electromigration resistance than aluminum. Copper can be deposited by
PVD, CVD, and electrochemical methods. However, the use of Cu as an alternative mate-
rial to Al in ULSI circuits has drawbacks, such as its tendency to corrode under standard
chip manufacture conditions, its lack of a feasible dmhoa or a stable self-

passivating oxide similar to AlO, on Al, and its poor adhesion to dielectric materials, such

k.

as Si0, and low-k polymers. In this section, we discuss the copper metallization tech-
niques.

Several different techniques for fabrication of multilevel Cu interconnects have been
reported.!”!8 The first method is a conventional method to pattern the metal lines fol-
lowed by dielectric deposition. The second method is to pattern the dielectric layer first
and fill copper metal into trenches. This step is followed by chemical mechanical pol-
ishing, discussed in Section 11.4.5, to remove the excess metal on the top surface of dielec-
tric and leave Cu material in the holes and trenches. This method is also known as a
damascene process.

Damascene technology
The approach for fabricating a copper/low-k dielectric interconnect structure is by the
“damascene” or “dual damascene.” Figure 23 shows the dual damascene sequence for
an advanced Cu interconnection structure. For a typical damascene structure, trenches
for metal lines are defined and etched in the interlayer dielectric (ILD) and then fol-
lowed by metal deposition of TaN/Cu . The TaN layer serves as a diffusion barrier layer
and prevents copper from penetrating the low-k dielectric. The excess copper metal on
the surface is removed to obtain a planar structure with metal inlays in the dielectric.
For the dual damascene process, the vias and trenches in the dielectric are defined
using two lithography and reactive ion etching (RIE) steps before depositing the Cu metal
(Fig. 23a—c). Then a Cu chemical-mechanical polishing process is used to remove the
metal on the top surface, leaving the planarized wiring and via imbedded in the insula-
tor.!® One special benefit of dual damascene is that the via plug is now of the same mate-
rial as the metal line and the risk of via electromigration failure is reduced.

» EXAMPLE 5

If we replace Al with Cu wire associated with some low-k dielectric (k = 2.6) instead of SiO, layer,
what percentage of reduction of RC time constant will be achieved? (The resistivity of Al is 2.7
uQ2-cm, and the resistivity of Cu is 1.7 pQ-cm.)

SOLUTION

=
\1
S}
»

x 100% = 42%. <

[ 39
a3
L
©

1145 Chemical-Mechanical Polishing

In recent years, the development of chemical-mechanical polishing (CMP) has become
increasingly important for multilevel interconnection because it is the only technology
that allows global planarization (i.e., to make a flat surface across the whole wafer). It
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the need to pattern the composite polycide gate structure and adds silicide to-the
source/drain area to reduce the contact resistance.

The silicides are promising materials for ULSI circuits because of their low resis-
tivity and excellent thermal stability. Cobalt silicide has been widely investigated recently
because of its lowest resistivity and high-temperature thermal stability. However, cobalt
is sensitive to native oxide as well as an oxygen-contained environment, and a large amount
of silicon is consumed during silicidation.

» EXAMPLE 7

Calculate the thickness of the cobalt silicide. For a desired sheet resistance of 0.6 Q/sq, the resis-
tivity is 18 uQ-cm.

SOLUTION  The resistivity is equal to the product of the sheet resistance and the film thickness:

p =R, xt.
Then

-6
p=Pl J18X107 5 107 cm =300 nm. -
R 06

$

»  SUMMARY

Modern semiconductor device fabrication requires the use of thin films. Currently, there
are four important types of films—thermal oxides, dielectric layers, polycrystalline sili-
con, and metal films. The major issues related to film formation are low-temperature pro-
cessing, step coverage, selective deposition, uniformity, film quality, planarization,
throughput, and large-wafer capacity. ‘

Thermal oxidation offers the best quality for the Si-SiO, interface and has the low-
est interface trap density. Therefore, it is used to form the gate oxide and the field oxide.
LPCVD of dielectrics and polysilicon offer conformal step coverage. In contrast, PVD
and atmospheric-pressure CVD generally result in noncomformal step coverage. CMP
offers global planarization and reduces defect density. Conformal step coverage and pla-
narization are also required for precise pattern transfer at the deep-submicron lithogra-
phy level. Pattern transfer technology is discussed in the next chapter.

To minimize the RC time delay due to parasitic resistance and capacitance, the sili-
cide process for ohmic contacts, copper metallization for interconnects, and low—dielec-
tric-constant materials for interlayer films are extensively used to meet the requirements
of the multilevel interconnect structures of ULSI circuits. In addition, we have investi-
gated high-dielectric-constant materials to improve the gate insulator performance and
to increase the capacitance per unit area for DRAM.
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Fig. 23 Comparison of wet chemical etching and dry etching for pattern transfer. %2

reactive ion etching (RIE), sputter etching, magnetically enhanced RIE (MERIE), reac-
tive ion beam etching, and high-density plasma (HDP) etching.

124.1 Plasma Fundamentals

Plasma is a fully or partially ionized gas composed of equal numbers of positive and neg-
ative charges and a different number of unionized molecules. Plasma is produced when
an electric field of sufficient magnitude is applied to a gas, causing the gas to break down
and become ionized. The plasma is initiated by free electrons that are released by some
means, such as field emission from a negatively biased electrode. The free electrons gain
kinetic energy from the electric field. In the course of their travel through the gas, the
electrons collide with gas molecules and lose their energy. The energy transferred in the
collision causes the gas molecules to be ionized (i.e., to free electrons). The free elec-
trons gain kinetic energy from the field, and the process continues. Therefore, when the
applied voltage is larger than the breakdown potential, a sustained plasma is formed
throughout the reaction chamber.

The electron concentrations in the plasma for dry etchings are relatively low, typi-
cally on the order of 10°-10'2 cm™. At a pressure of 1 Torr, the concentrations of gas
molecules are 10107 times higher than the electron concentrations. This results in an
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average gas temperature in the range of 50°-~100°C. Therefore, the plasma-assisted dry
etching is a low-temperature process.

&> EXAMPLE 4

The electron densities in a RIE system and HDP system range from 10°-10'° and 1011-10%% cm™>,
respectively. Assuming the RIE chamber pressure is 200 mTorr and HDP chamber pressure is 5
mTorr, calculate the ionization efficiency in RIE reactors and HDP reactors at room temperature.
The ionization efficiency is the ratio of the electron density to the density of molecules.

SOLUTION
PV = nRT

where P is the pressure in atm (1 atm = 760,000 mTorr), V the volume in liters, n the
number of moles, R the gas constant (0.082 liter-atm/mol-K), and T the absolute temperature
in K, respectively.

For a RIE system,
n/V = P/RT = (200/760,000)/(0.082 x 300) = 1.06 x 10- (molliter),
= 1.06 x 1075 x 6.02 x 10% + 1000,
= 6.38 x 10%5 (cm™3).
Ionization effeciency = (10° ~ 101%)/( 6.38 x 10%),
= 1.56 x 1077 ~ 1.56 x 1075,
For a HDP system,
n/V = P/RT= (5/760,000)/(0.082 x 300) = 2.66 x 107 (molliter),
= 2.66 x 1077 x 6.02 x 10% + 1000,
= 1.6 x 10 (cm™).
. Ionization effeciency = (10! ~ 10'2)/(1.6 x 10'),
= 6.25 X 10~ 6.25 x 1073,
Therefore, HDP has much higher ionization efficiency than RIE. <

124.2 Etch Mechanism, Plasma Diagnostics, and End-Point Control

Plasma etching is a process in which a solid film is removed by a chemical reaction with
ground-state or excited-state neutral species. Plasma etching is often enhanced or induced
by energetic ions generated in a gaseous discharge. The basic etch mechanism, plasma
diagnostic, and end-point control are introduced briefly in this section.

Etch Mechanism
Plasma etching proceeds in five steps, as illustrated in Fig. 24: the etchant species is gen-
erated in the plasma; the reactant is then transported by diffusion through a stagnant gas
layer to the surface. The reactant is adsorbed on the surface; a chemical reaction (along
with physical effects such as ion bombardment) follows to form volatile compounds; the
compounds are desorbed from the surface, diffused into the bulk gas, and pumped out
by the vacuum system.>®

Plasma etching is based on the generation of plasma in a gas at low pressure. Two
basic methods are used—physical methods and chemical methods. The former includes
sputter etching and the latter includes pure chemical etching. In physical etching, positive
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Fig. 24 Basic steps in a dry-etching processing.?

ions bombard the surface at high speed; small amounts of negative ions formed in the
plasma cannot reach the wafer surface and therefore play no direct role in plasma etch-
ing. In chemical etching, neutral reactive species generated by the plasma interact with
the material surface to form volatile products. Chemical- and physical-etch mechanisms
have different characteristics. Chemical etching exhibits a high etch rate, and good selec-
tivity (i.e., the ratio of etch rates for different materials) produces low ion-bombard-
ment-induced damage but yields isotropic profiles. Physical etching can yield anisotropic
profiles, but it is associated with low etch selectivity and high bombardment-induced dam-
age. Combinations of chemical and physical etching give anisotropic etch profiles, rea-
sonably good selectivity, and moderate bombardment-induced damage. An example is
the RIE, which uses a physical method to assist chemical etching or creates reactive ions
to participate in chemical etching

Plasma Diagnostics

Most processing plasmas emit radiation in that range from infrared to ultraviolet. A sim-
ple analytical technique is to measure the intensity of these emissions versus wavelength
with the aid of optical emission spectroscopy (OES). Using observed spectral peaks, it is
usually possible to determine the presence of neutral and ionic species by correlating these
emissions with previously determined spectral series. Relative concentrations of the species
can be obtained by correlating changes in intensity with the plasma parameter. The emis-
sion signal derived from the primary etchant or by-product begins to rise or fall at the
end of the etch cycle.

End-Point Control

Dry etching differs from the wet chemical etching, in that dry etching does not have
enough etch selectivity to the underlying layer. Therefore, the plasma reactor must be
equipped with a monitor that indicates when the etching process is to be terminated
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(ie., an end point detection system). Laser interferometry of the wafer surface is used
to continuously monitor etch rates and to determine the end point. During etching, the
intensity of laser light reflected off a thin film surface oscillates. This oscillation occurs
because of the phase interference between the light reflected from the outer and inner
interfaces of the etching layer. This layer must therefore be optically transparent or semi-
transparent to observe the oscillation. Figure 25 shows a typical signal from a sili-
cide/polycrystalline Si gate etch. The period of the oscillation is related to the change
in film thickness by

Ad =\ /2n (13)

where Ad is the change in film thickness for one period of reflected light, A is the wave-
length of the laser light, and 7 is the refractive index of the etching layer. For example,
Ad for polysilicon is 80 nm, measured by using a helium-neon laser source for which
A = 632.8 nm.

1243 Reactive Plasma-Etching Techniques and Equipment

Plasma reactor technology in the IC industry has changed dramatically since the first appli-
cation of plasma processing to photoresist stripping. A reactor for plasma etching con-
tains a vacuum chamber, pump system, power supply generators, pressure sensors, gas
flow control units, and end-point detector. Table 3 shows the similarities and differences
in the types of etching equipment that are commerecially available. A comparison of pres-
sure operating ranges and ion energies for different types of reactors is shown in Fig. 26.
Each etch tool is designed empirically and uses a particular combination of pressure, elec-
trode configuration and type, and source frequency to control the two primary etch mech-
anisms — chemical and physical. Higher etch rates and tool automation are required for
most etchers used in manufacturing.

Reactive Ion Etcher (RIE)

RIE has been extensively used in the microelectronic industry. In a parallel-plate diode
system, a radio frequency (rf) capacitive-coupled bottom electrode holds the wafer. This
allows the grounded electrode to have a significantly larger area because it is, in fact, the
chamber itself. The larger grounded area combined with the lower operating pressure

Silicide/polysilicon etch
experimental curve

~<— Silicide —}<«——— Polysilicon ————>~

Reflectance (arbitrary units)

Y

Etch time (arbitrary units)

Fig. 25 The relative reflectance of the etching surface of a composite silicide/poly-Si layer. The
end point of the etch is indicated by the cessation of the reflectance oscillation.
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TABLE3 Etch Mechanisms, Pressure Ranges of Plasma Reactors

Etch tool configuration Etch mechanism Pressure range (Torr)
Barrel etching Chemical 0.1-10
Downstream plasma etching Chemical 0.1-10
Reactive ion etching (RIE) Chemical and physical 0.01-1
Magnetic enhanced RIE Chemical and physical 0.01-1
Magnetic confinement triode RIE Chemical and physical 0.001-0.1
Electron cyclotron resonance
plasma etch Chemical and physical 0.001-0.1
Inductively coupled plasma or Chemical and physical 0.001-0.1
transformer-coupled plasma
Surface wave coupled plasma Chemical and physical 0.001-0.1

or helicon plasma etching

A
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Low-pressure Single-wafer
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Fig. 26 Comparison of ion energy and operating pressure ranges for different types of plasma
reactors.

(< 500 mTorr) causes the wafers to be subjected to a heavy bombardment of energetic
ions from the plasma as a result of the large, negative self-bias at the wafer surface.

The etch selectivity of this system is relatively low compared with traditional barrel-
etch systems because of strong physical sputtering. However, selectivity can be improved
by choosing the proper etch chemistry, for example, by polymerizing the silicon surface
with fluorocarbon polymers to obtain selectivity of SiO, over silicon. Alternatively, a tri-
ode-configuration RIE etch, as shown in Fig. 27, can separate plasma generation from
ion transport. Ion energy is controlled through a separate bias on the wafer electrode,
thereby minimizing the loss of selectivity and the ion-bombardment-induced damage
observed in most traditional RIE systems.

Electron Cyclotron Resonance Plasma Etcher
Most parallel-plate plasma etchers, except triode RIE, do not provide the ability to con-
trol plasma parameters, such as electron energy, plasma density, and reactant density inde-
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Fig. 27 Schematic of a triode reactive ion etch reactor. The ion energy is separately controlled
by a bias voltage on the bottom electrode. rf, radio frequency.

pendently. As a result, ion-bombardment-induced damage becomes a serious problem.
The electron cyclotron resonance (ECR) reactor combines microwave power with a static
magnetic field to force electrons to circulate around the magnetic field lines at an angu-
lar frequency. When this frequency equals to the applied microwave frequency, a reso-
nance coupling occurs between the electron energy and the applied electric field that
results in a high degree of dissociation and ionization (102 for ECR compared with 10-¢
for RIE). Figure 28 shows an ECR reaction chamber configuration. Microwave power
is coupled through a microwave window into the ECR source region. The magnetic field
is supplied from the magnetic coils. The ECR plasma systems can also be used in thin
film deposition. The high efficiency in exciting the reactants in ECR plasmas allows the
deposition of films at room temperature without the need for thermal activation.

Other High-Density Plasma Etchers

As feature sizes for ultralarge-scale integration (ULSI) continue to decrease, the limits
of the conventional RIE system are being approached. In addition to the ECR system,
other types of high-density plasma (HDP) sources, such as the inductively coupled plasma
(ICP) source, the transformer-coupled plasma (TCP) source, and the surface wave—cou-
pled plasma (SWP) sources, have been developed. These etchers have high plasma den-
sity (10!-10!2 cm™®), and low processing pressure (< 20 mTorr). In addition, they allow
the wafer platen to be powered independently of the source, providing significant decou-
pling between the ion energy (wafer bias) and the ion flux (plasma density primarily driven
by source power). The primary processing advantages of HDP sources are better criti-
cal dimension (CD) control, higher etching rates, and better selectivity.

In addition, HDP sources provide low substrate damage (because of independent
biasing of the substrate and the side-electrode potentials) and high anisotropy (because
of low pressure yet high active species density). However, because of their complexity
and higher cost, the systems may not be used for less critical applications, such as spacer
etching or planarization.?* Figure 29 shows a TCP plasma reactor. A high-density, low-
pressure plasma is generated by a flat spiral coil that is separated from the plasma by a
dielectric plate on the top of the reactor. The wafer is located away from the coil, so it
is not affected by the electromagnetic field generated by the coil. There is little plasma
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Fig. 28 Schematic of an electron cyclotron resonance reactor.

Dielectric plate

Fig. 29 Schematic of a transformer-coupled plasma reactor.

density loss because plasma is generated only a few mean free paths away from the wafer
surface. Therefore, a high-density plasma and high etch rates are achieved.

Clustered Plasma Processing

Semiconductor wafers are processed in clean rooms to minimize exposure to ambient
particulate contamination. As device dimensions shrink, particulate contamination becomes
a more serious problem. To minimize particulate contamination, clustered plasma tools
uses a wafer handler to pass wafers from one process chamber to another in a vacuum
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environment. The clustered plasma processing tools can also increase throughput. Figure 30
shows the multilayer metal interconnect (TiIW/AICwTiW) etching process with clustered
tools in an AlCu etch chamber, a TiW etch chamber, and a strip passivation chamber.
The clustered tools provide an economic advantage by having a high chip yield because
the wafer is exposed to less ambient contamination and is handled less.

1244 Reactive Plasma—Etching Applications

Plasma etching has rapidly evolved from a simple and batch resist stripping to a large
and single-wafer processing. The etching system continues to be improved from the con-
ventional RIE tool to the high-density plasma tool for pattern transfer of deep-submicron
devices. Besides the etching tool, etch chemistry also plays a critical role in the perfor-
mance of etch process. Table 4 lists some etch chemistries for different etch processes.
Developing an etch process usually means optimizing etch rate, selectivity, profile con-
trol, critical dimension, damage, etc., by adjusting a large number of process parameters.

Silicon Trench Etching
As device feature size decreases, a corresponding decrease is needed in the wafer sur-
face area occupied by the isolation between circuit elements and the storage capacitor
of a DRAM cell. This surface area can be reduced by etching trenches into the silicon
substrate and filling them with suitable dielectric or conductive materials. Deep trenches,
usually with a depth larger than 5 pm, are used mainly for forming storage capacitors.
Shallow trenches, usually with a depth less than 1 pm, are often used for isolation.
Chlorine-based and bromine-based chemistries have a high silicon etch rate and high
etch selectivity to the silicon dioxide mask. The combination of HBr + NF; + SFg + O,
gas mixtures is used to form a trench capacitor with a depth of ~7 um. It is also used for
shallow trench isolation etching. Aspect ratio dependent etching (i.e., variation in etch
rate with aspect ratio) is often observed in submicron-deep silicon trench etching caused

AlCu etch chamber

TiW etch chamber Strip passivation chamber

Vaéuum load-lock
chamber

|

Cassette load/unload
chamber

Fig. 30 Cluster reactive ion etch tool for multilayer metal (TiW/AICw/TiW) interconnect
etching.? ‘
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TABLE 4 Etch Chemistries of Different Etch Processes

by limited ion and neutral transport within the trench. Figure 31 shows the dependence
of average silicon trench etch rate on aspect ratio. Trenches with large aspect ratios are §
etched more slowly than trenches with small aspect ratios. 4

Material being etched Etching chemistry 1
Deep Si trench HBr/NF,/O,/SF,
Shallow Si trench HBr/Cl/O,
Poly Si HBr/Cl,/O,, HBr/O,, BCl,/Cl,, SF j
Al BCl,/Cl,, SiCl,/Cl,, HBr/Cl, 1
AlSiCu BCly/CI/N, ]
w SF; only, NF,/Cl, !
TiW SFg only 1
WSi,, TiSi,, CoSi, CCl,Fy/NF,, CF /Cl;, CLy/N,/C,F, 1
Si0, CF /CHF /Ar, C,F,, C;F5, C,Fy/CO,CsFg, CH,F, '}
Si;N, CHFy0,, CH,F,, CH,CHF, 1

Polysilicon and Polycide Gate Etching X
Polysilicon or polycide (i.e., low-resistance metal silicides over polysilicon) is usually used 1
as a gate material for MOS devices. Anisotropic etching and high etch selectivity to the
gate oxide are the most important requirements for gate etching. For example, the selec- |
tivity required in 1G DRAM is more than 150 (i.e., the ratio of etch rates for polycide }
and gate oxide is 150:1). Achieving high selectivity and etch anisotropy at the same time
is difficult for most ion-enhanced etching processes. Therefore, multistep processing is §
used in which different etch steps in the process are optimized for etch anisotropy and |
selectivity. On the other hand, the trend in plasma technology for anisotropic etching and
high selectivity is to utilize a low-pressure, high-density plasma using a relatively low power. 1
Most chlorine-based and bromine-based chemistries can be used for gate etching to achieve |
the required etch anisotropy and selectivity. ]
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Fig. 31 Dependence of average silicon trench etch rate on aspect ratio.?
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Dielectric Etching

The patterning of dielectrics, especially silicon dioxide and silicon nitride, is a key pro-
cess in the manufacture of modern semiconductor devices. Because of their higher bond-
ing energies, dielectric etching requires aggressive ion-enhanced, fluorine-based plasma
chemistry. Vertical profiles are achieved by sidewall passivation, typically by introducing
a carbon-containing fluorine species to the plasma (e.g., CF,, CHF;, C,Fy). High ion-
bombardment energies are required to remove this polymer layer from the oxide, as well
as to mix the reactive species into the oxide surface to form SiFy products.

A low-pressure, high-density plasma is advantageous for aspect-ratio-dependent etch-
ing. However, the HDP generates high-temperature electrons and subsequently gener-
ates a high degree of dissociation of ions and radicals. It generates far more active radicals
and ions than RIE or MERIE plasmas . In particular, a high F concentration worsens
the selectivity to silicon. Various methods were tried to enhance the selectivities in the
high-density plasma. First, a parent gas with a high C/F ratio, such as C,Fg, C,Fyg, or C;Fg,
has been tried. Also other methods to scavenge F radicals have been developed.?

Interconnect Metal Etching

Etching of a metallization layer is a very important step in IC fabrication. Aluminum,
copper, and tungsten are the most popular materials used for interconnection. These mate-
rials usually require anisotropic etching. The reaction of aluminum with fluorine results
in nonvolatile AlF,, which has a vapor pressure of only 1 Torr at 1240°C. Chlorine-based
(e.g., ClyBCl, mixture) chemistry has been widely used for aluminum etching. Chlorine
has a very high chemical etch rate with aluminum and tends to produce an undercut during
etching. Carbon-containing gas (e.g., CHF) or N, is added to form sidewall passivation
during aluminum etching to obtain anisotropic etching.

Fig.32 0.35 pm TiN/AVTiN lines and spaces on a wafer maintained at ambient for 72 hours
after a microwave strip are not corroded.
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Fig. 33 Various process sequences for dual damascene process.

Exposure to the ambient is another problem in aluminum etching. Residue chlorine §
on the Al sidewall and the photoresist tends to react with atmosphere water to form HCI,
which corrodes aluminum. An in-situ exposure of the wafer to a CF, discharge to exchange §
Cl with F and then to an oxygen discharge to remove the resist followed by immediate |§
immersion in deionized water can eliminate Al corrosion. Figure 32 shows 0.35 pm |
TiN/Al/Ti lines and spaces on a wafer maintained at ambient for 72 hours. No corrosion |
is present even after prolonged exposure to the ambient.

Copper has drawn much attention as a new metallization material in ULSI circuits §
because of its low resistivity (~1.7 pohm-cm) and superior resistance to electromigration §
compared with Al or Al alloys. However, because of the low volatility of copper halides, |
plasma etching at room temperature is difficult. Process temperatures higher than 200°C |
are required to etch coppers films. Therefore, the damascene process is used to form |
Cu interconnection without dry etching. Damascene processing involves the creation of |
interconnect lines by first etching a trench or canal in a planar dielectric layer and then
filling that trench with metal, such as aluminum or copper. In dual damascene process- |
ing (Fig. 33), a second level is involved where a series of holes (i.e., contacts or vias) are :
etched and filled in addition to the trench. After filling, the metal and dielectric are |
planarized by chemical-mechanical processing (CMP). The advantage of damascene pro- |
cessing is that it eliminates the need for metal etch. This is an important concern as the }
industry moves from aluminum to copper interconnections. i

Low-pressure CVD (LPCVD) tungsten (W) has been widely used for filling contact j
holes and first-level metallization because of its excellent deposition conformability. Both
fluorine- and chlorine-based chemistries etch W and form volatile etch products. An impor- |
tant tungsten etch processes is the blanket W etchback to form a W plug. The blanket |
LPCVD W is deposited on top of a TiN barrier layer, as shown in Fig. 34. A two-step |
process is usually used. First, 90% of the W is etched at a high etch rate, and then the }
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Fig.1 Comparison of (@) diffusion and (b) ion-implantation techniques for the selective intro-
duction of dopants into the semiconductor substrate.

* Implantation-related processes such as masking, high-energy implantation, and
high-current implantation.

13.1 BASIC DIFFUSION PROCESS

Diffusion of impurities is typically done by placing semiconductor wafers in a carefully
controlled high-temperature quartz-tube furnace and passing a gas mixture that contains
the desired dopant through it. The temperature usually ranges between 800° and 1200°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 10* cm=
in the diffusion temperature range. These dopants can be introduced in several ways,
including solid sources (e.g., BN for boron, As,O, for arsenic, and P,Oy for phosphorus),
liquid sources (BBr,, AsCl,, and POCL,), and gaseous sources (ByHg, AsH;, and PH;).
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 sim-
ilar to that used for thermal oxidation. An example of the chemical reaction for phos-
phorus diffusion using a liquid source is j

i

4POCI, +30, — 2P,04 +6Cl, 1. (1)
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Fig.2 The schematic diagram of a typical open-tube diffusion system. :’

The P,O; forms a glass on silicon wafer and is then reduced to phosphorus by silicon, ~ §
2P0 +55i — 4P + 5810, 2 |

and the phosphorus is released and diffuses into the silicon and Cl, is vented.

For diffusion in gallium arsenide, the high vapor pressure of arsenic requires spe-
cial methods to prevent the loss of arsenic by decomposition or evaporation.? These meth-
ods include diffusion in sealed ampules with an overpressure of arsenic and diffusion in
an open-tube furnace with a doped-oxide capping layer (e.g., silicon nitride). Most of the
studies on p-type diffusion have been confined to the use of zinc in the forms of Zn-Ga-
As alloys and ZnAs, for the sealed-ampule approach or ZnO-SiO, for the open-tube
approach. The n-type dopants in gallium arsenide include selenium and tellurium.

13.1.1 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. Figure 3 shows the two basic atomic
diffusion models in a solid.!® The open circles represent the host atoms occupying the
equilibrium lattice positions. The solid dots represent impurity atoms. At elevated tem-
peratures, 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 to become
an interstitial atom, thereby creating a vacancy. When a neighboring impurity atom migrates
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Fig.3 Atomic diffusion mechanisms for a two-dimensional lattice.!® (a) Vacancy mechanism;
(b) interstitial mechanism.
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to the vacancy site, as illustrated in Fig. 3a, the mechanism is called 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.

The basic diffusion process of impurity atoms is similar to that of charge carriers (elec-
trons and holes), discussed in Chapter 3. Accordingly, we define a flux F as the number
of dopant atoms passing through a unit area in a unit time and C as the dopant concen-
tration per unit volume. From Eq. 27 in Chapter 3, we have

F=-D > (3)
where we have substituted C for the carrier concentration and the proportionality con-
stant D is the diffusion coefficient or diffusivity. Note that the basic driving force of the
diffusion process is the concentration gradient dC/dx. The flux is proportional to the con-
centration gradient, and the dopant atoms will move (diffuse) away from a high-con-
centration region toward a lower-concentration region.

If we substitute Eq. 3 into the one-dimensional continuity equation, Eq. 56, given
in Chapter 3 under the condition that no materials are formed or consumed in the host
semiconductor (i.e., G, = R, = 0), we obtain

¢ __aF_2(
N = (Dax]. (4)

When the concentration of the dopant atoms is low, the diffusion coefficient can be con-
sidered to be independent of doping concentration, and Eq. 4 becomes

2
L-pZZ. )
2 |

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

Figure 4 shows the measured diffusion coefficients for low concentrations of vari-
ous dopant impurities in silicon and gallium arsenide.*> The logarithm of the diffusion
coefficient plotted against the reciprocal of the absolute temperature gives a straight line
in most of the cases. This implies that over the temperature range, the diffusion coeffi-
cients can be expressed as

-E, |
D= DO exp[—ki,—} (6)

where D, is the diffusion coefficient in cm?%s extrapolated to infinite temperature and
E, is the activation energy in eV.

For the interstitial diffusion model, E, 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 arsenide. For the vacancy diffusion model, E,
is related to both the energies of motion and the energies of formation of vacancies. Thus,
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Fig. 4 Diffusion coefficient (also called diffusivity) as a function of the reciprocal of tempera-
ture for (a) silicon and (b) gallium arsenide.*5

E, for vacancy diffusion is larger than that for interstitial diffusion, usually between 3 and
5eV.

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 eV, and interstitial atomic
movement is the dominant diffusion mechanism. For slow 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.

13.1.2 Diffusion Profiles

The diffusion profile of the dopant atoms is dependent on the initial and boundary con-
ditions. 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 diffused
into the semiconductor wafers. The vapor source maintains a constant level of surface
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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), (7)
which states that the dopant concentration in the host semiconductor is initially zero. The
boundary conditions are

C(0,t) =C, (8a)

and

Cles, t) = 0 (8b)

where C, is the surface concentration (at x = 0), which is independent of time. The sec-
ond boundary condition states that at large distances from the surface there are no impu-
rity atoms.

The solution of the diffusion equation (Eq. 5) that satisfies the initial and bound-
ary conditions is given by ®

C(x,t)=C,erfc [2&} (9)

where erfc is the complementary error function and VDt is the diffusion length. The
definition of erfc and some properties of the function are summarized in Table 1. The
diffusion profile for the constant—surface-concentration condition is shown in Fig. 5a, where
we plot, on both linear (upper) and logarithmic (lower) scales, the normalized concen-
tration as a function of depth for three values of the diffusion length VDt correspond-
ing to three consecutive diffusion times and a fixed D for a given diffusion temperature.
Note that as the time progresses, the dopant penetrates deeper into the semiconductor.
The total number of dopant atoms per unit area of the semiconductor is given by

Q#)=[, Clx,t)dx. (10)
Substituting Eq. 9 into Eq. 10 yields

ot)=-2c Dt = 113C,VDr. (11)

N
This expression can be interpreted as follows. The quantity Q(¢) represents the area under
one of the diffusion profiles of the linear plot in Fig. 5a. These profiles can be approxi-
mated by triangles with height C, and base 2V/Dt. This leads to Q(t) = C,V/Dt, 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:

dc| ¢

_x%Dt
] I . 12
dx ot N ¢ (12)
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TABLE 1 Error Function Algebra

erfc (x) = 1-erflx)

erf(0) = 0

erf(e0) = 1
2

ef(x) = —=1x forx<<l1
n

erfc (x) = L e forx >>1.
Jr o o«

—d—-erf(x = —'?—-6_2

T
2
Loefl) = -

dx? - ﬁ e

[o erfe (y')dy’ = xerfe(x)+

2

(I-e™)

S

o erfe(x)dx =

-

b= EXAMPLE 1

For a boron diffusion in silicon at 1000°C, the surface concentration is maintained at 10'° cm= and
the diffusion time is 1 hour. Find Q(#) and the gradient at x = 0 and at a location where the dopant
concentration reaches 10 em™,

SOLUTION The diffusion coefficient of boron at 1000°C, as obtained from Fig. 4, is about
2 x 10" em?ss, so that the diffusion length is

Dt =2x107 x 3600 =8.48x 10~ cm,

0()=1.13C,VDt = 1.13x 10" x8.48x 107 = 9.5x 10 atoms / cm?.

dc
dx

C, -10"°

=-— = =-6.7x10%cm™.
0 Dt Jr x8.48x 1078

When C = 10'5cm, the corresponding distance x; is given by Eq. 9, or

—2\/——erfc( sz/“(ms =4.66 x 1075 cm = 0.466 pm,

dc

-
7 -G e Km=—3.5><10200m'4. s |
x

£=0.466 pm nDt
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Fig.5 Diffusion profiles. () Normalized complementary error function versus distance for suc-
cessive diffusion times. (b) Normalized Gaussian function versus distance.

Constant-Total-Dopant Diffusion

For this case, a fixed (or constant) amount of dopant is deposited onto the semiconduc-
tor surface in a thin layer, and the dopant subsequently diffuses into the semiconductor.
The initial condition is the same as in Eq. 7. The boundary conditions are

fo Cla,t)dx=S§ (13a)
and
C(eo,t) =0 (13b)

where S is the total amount of dopant per unit area.
The solution of the diffusion equation, Eq. 5, that satisfies the above conditions is

Clx,t) =

S e _x (14)
N Dt P 4Dt |
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This expression is the Gaussian distribution. Since the dopant will move into the semi-
conductor as time increases, to keep the total dopant S constant, the surface concentra- |

tion must decrease. This is indeed the case, since the surface concentration is given by
Eq. 14 with x = 0:

C, ()= —. (15)

Figure 5b shows the dopant profile for a Gaussian distribution where we plot |
the normalized concentration (C/S) as a function of the distance for three increasing |
diffusion lengths. Note the reduction of the surface concentration as the diffusion time |
increases. The gradient of the diffusion profile is obtained by differentiating Eq. 14 |
and is

dC | xS 'x%m x
- =——C(x,1). (16)
2 N s '

The gradient (or slope) is zero at x = 0 and at x = o and the maximum gradient occurs
atx = V2Dt.

In integrated-circuit processing, a two-step diffusion process is commonly used, in
which a predeposition diffused layer is first formed under a constant-surface-concentration |
condition. This step is followed by a drive-in diffusion (also called redistribution diffu-
sion) under a constant—total-dopant condition. For most practical cases, the diffusion length
VDt for the predeposition diffusion is much smaller than the diffusion length for the
drive-in diffusion. Therefore, we can consider the predeposition profile as a delta func-
tion at the surface, and we can regard the extent of the penetration of the predeposition
profile to be negligibly small compared with that of the final profile that results from the
drive-in step.

#» EXAMPLE 2

Arsenic was predeposited by arsine gas and the resulting total amount of dopant per unit area is
1 x 10 atoms/cm?®. How long would it take to drive the arsenic in to a junction depth of 1 pm?
Assume a background doping of 1 x 10'5 atoms/cm®, and a drive-in temperature of 1200°C. For
As diffusion, D, = 24 cm%s, and E, = 4.08 eV.

SOLUTION

_E —4.08
D=D, exp| =£a |=94 ¢ }: 2.602x 107 cm?/s,
° XP( kT ) XP(8.614><10‘5 X 1473

Ve

5
x;,=104=4mn[ ]=1.04x10-mt1n(.1_-10_6&}

S
CpNaDt
t-logt-10.09t + 8350 = 0.

The solution to the above equation can be determined by the cross point of equation y = ¢ - log ¢
and y = 10.09t — 8350,

Therefore, t = 1190 seconds = 20 minutes. S|
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13.1.3 Evaluation of Diffused Layers

The results of a diffusion process can be evaluated by three measurements—the junc-
tion 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 sur-
face with a solution (e.g., 100 cm® HF and a few drops of HNO; for silicon) that stains
the p-type region darker than the n-type region, as illustrated in Fig, 6a. If R, is the radius
of the tool used to form the groove, then the junction depth x; is given by

v = |B? ~b* ~ B —a?, 17)
where a and b are indicated in the figure. In addition, if R, is much larger than a and
b, then

2 _p2
x;= a-b (18)
oR,

The junction depth %, as illustrated in Fig. 6b is the position where the dopant
concentration equals the substrate concentration Cj, or

C(x) = Cy. | (19)

Thus, if the junction depth and C are known, the surface concentration C, and the impu-
rity distribution can be calculated, provided the diffusion profile follows one or the other
simple equation derived in Section 13.1.2.

The resistance of a diffused layer can be measured by the four-point probe tech-
nique described in Chapter 3. The sheet resistance R is related to the junction depth x,,
the carrier mobility u (which is a function of the total impurity concentration), and the
impurity distribution C(x) by the following expression:”

1

S (20
qjoj HC () )

p-Si

(a) (b)

Fig.6 Junction-depth measurement. (a) Grooving and staining; (b) position in which dopant
and substrate concentration are equal.
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For a given diffusion profile, the average resistivity p = Ry, is uniquely related to the sur- |
face concentration C, and the substrate-doping concentratmn for an assumed diffusion
profile. Design curves relation C, and p have been calculated for simple diffusion pro-
files, such as the erfc or Gaussian distribution.$ To use these curves correctly we must
be sure that the diffusion profiles agree with the assumed profiles. For low concentra- |
tion and deep diffusions, the diffusion profiles generally can be represented by the afore-
mentioned simple functions. However, as we discuss in the next section, for high
concentration and shallow diffusions, the diffusion profiles cannot be represented by these
simple functions.

The diffusion profile can be measured using the capacitance-voltage technique

described in Chapter 7. The majority carrier profile, which is equal to the impurity pro-
file if impurities are fully ionized, can be determined by measuring the reverse-bias capac-
itance of a p-n junction or a Schottky barrier diode as a function of the applied voltage.
A more elaborate method is the secondary-ion—mass spectroscope (SIMS) technique, which
measures the total impurity profile. In the SIMS technique, an ion beam sputters mate-
rial off the surface of a semiconductor, and the ion component is detected and mass ana-
lyzed. This technique has high sensitivity to many elements, such as boron and arsenic,
and it is an ideal tool for providing the precision needed for profile measurements in high-
concentration or shallow-junction diffusions.’

P 13.2 EXTRINSIC DIFFUSION

The diffusion profiles described in Section 13.1 are for constant diffusivities. These pro-
files occur when the doping concentration is lower than the intrinsic-carrier concentra-
tion n(T) at the diffusion temperature. For example, at T = 1000°C, n, equals 5 x 10
cm for silicon and 5 x 10" cm for gallium arsenide. The diffusivity at low concentra-
tions is often referred to as the intrinsic diffusivity. Doping profiles that have concen-
trations less thann, (T) are in the intrinsic diffusion region as indicated in the left side

of Fig. 7. In this region, the resulting dopant profiles of sequential or simultaneous dif- }
fusions of n- and p-type impurities can be determined by superposition, that is, the dif- = |
fusions can be treated independently. However, when the impurity concentration, including
both the substrate and the dopant, is greater than n,(T), the semiconductor becomes extrin-

sic and the diffusivity is considered to be extrinsic. In the extrinsic diffusion region the
diffusivity becomes concentration dependent.'” In the extrinsic diffusion region the dif-
fusion profiles are more complicated, and there are interactions and cooperative effects
among the sequential or simultaneous diffusions.

1321 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. Depending on the charges associ-
ated with a vacancy, we can have a neutral vacancy VY, an acceptor vacancy V-, a dou-
ble-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 volume,
Cy) has a temperature dependence similar to that of the carrier density (see to Eq. 28
in Chapter 2), that is ,

Ep —E
Cy =C, exp[—zl—c?-—’), (21)
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Fig.7 Donor-impurity diffusivity versus electron concentration showing regions of intrinsic and
extrinsic diffusion.!

where C;is the intrinsic vacancy density, E is the Fermi level, and E, is the intrinsic Fermi
level.

If the dopant diffusion is dominated by the vacancy mechanism, the diffusion coef-
ficient is expected to be proportional to the vacancy density. At low doping concentra-
tions (n < n,), the Fermi level coincides with the intrinsic Fermi level (Ej, = E,). The vacancy
density is equal to C, and is independent of doping concentration. The diffusion coeffi-
cient, which is proportional to C,, also is independent of doping concentration. At high
concentrations (n > n,), the Fermi level will move toward the conduction band edge (for
donor-type vacancies), and the term [exp (Ej — E,)/kT] becomes larger than unity. This
causes Cy to increase, which in turn causes the diffusion coefficient to increase, as shown
in the right side of Fig. 7.

When the diffusion coefficient varies with dopant concentration, Eq. 4 should be
used as the diffusion equation instead of Eq. 5, in which D is independent of C. We con-
sider the case where the diffusion coefficient can be written as

Y ,
D=D, (EC‘) : (22)

where C, is the surface concentration, D, is the diffusion coefficient at the surface, and
y is 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 solutions!! for a constant—surface-concentration diffusion with
different values of y. For ¥ = 0, we have the case of constant diffusivity and the profile
is the same as that shown in Fig. 5a. For y> 0 the diffusivity decreases as the concen-
tration 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. The abruptness of the doping profile
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Fig.8 Normalized diffusion profiles for extrinsic diffusion where the diffusion coefficient !
becomes concentration dependent.}o!! *

results in a junction depth virtually independent of the background concentration. Note
that the junction depth (see Fig. 8) is given by

x; =164Dgt forD~C(y=1),
;=11/Dt forD~C(y =9, | 23)

x; = 0.87./D,t for D ~C3(y = 3).

In the case of 7= -2, the diffusivity increases with decreasing concentration, which leads
to a concave profile, as opposed to to the convex profiles for other cases. :

13.2.2 Diffusion Profiles

Diffusion in Silicon ]
The measured diffusion coefficients of boron and arsenic in silicon have a concentration |
dependence with y= 1. Their concentration profiles are abrupt, as depicted in curve ¢ |
of Fig. 8. For gold and platinum diffusion in silicon, yis close to -2, and their concen- |
tration profiles have the concave shape shown in curve d of Fig. 8. ]
The diffusion of phosphorus in silicon is associated with the doubly charged accep- |
tor vacancy V%, and the diffusion coefficient at high concentration varies as C2. 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 1000°C.12When the surface concentration is low, cor- |

/
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Fig.9 Phosphorus diffusion profiles'? for various surface concentrations after diffusion into sili-
con for 1 hour at 1000°C.

responding to the intrinsic diffusion regjon, the diffusion profile is given by an erfc (curve
a). As the concentration increases, the profile begins to deviate from the simple expres-
sion (curves b and ¢). At very high concentration (curve d), the profile near the surface
is indeed similar to that shown 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, cor-
responds to a Fermi level 0.11 eV below the conduction band. At this energy level, the
coupled impurity-vacancy pair (P*V*") 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 10712 cm¥s, which is about two orders of magnitude larger than the intrinsic dif-
fusivity at 1000°C. Because of its high diffusivity, phosphorus is commonly used to form
deep junctions, such as the n-tubs in CMOS.

Zinc Diffusion in Gallium Arsenide

We expect diffusion in gallium arsenide to be more complicated than that 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

/
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Fig. 10 Diffusion profiles'® of zinc in GaAs after annealing at 1000°C for 2.7 hours. The differ-
ent surface concentrations are obtained by maintaining the Zn source at temperatures in the
range 600°-800°C.

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 the most extensively studied diffusant in gallium arsenide. Its diffusion coef- |
ficient is found to vary as C2. Therefore, the diffusion profiles are steep, as shown '3 in |
Fig. 10, and resemble curve b of Fig. 8. Note that even for the case of the lowest sur- |
face concentration, the diffusion is in the extrinsic-diffusion region, because n, for GaAs
at 1000°C is less than 10'® cm. As can be seen in Fig. 10, 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 pro- 1}
portional to the surface concentration. ‘A

13.3 DIFFUSION-RELATED PROCESSES

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

13.3.1 Lateral Diffusion

The one-dimensional diffusion equation discussed previously can describe satisfactorily |
the diffusion process, 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-dimen-
sional diffusion equation and use a numerical technique to obtain the diffusion profiles
under different initial and boundary conditions.
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Figure 11 shows the contours of constant doping concentration for a constant-sur-
face-concentration diffusion condition assuming that the diffusivity is independent of con-
centration.!4 At the far right of the figure, the variation of the dopant concentration from
0.5 C, to 10 C, (where C, is the surface concentration ) corresponds to the erfc distri-
bution given by Eq. 9. The contours are in effect a map of the location of the junctions
created by diffusing into various background concentrations. For example, at C/C, = 10~
(ie., the background doping is 10* times lower than the surface concentration), we see
from this constant-concentration curve that the vertical penetration is about 2.8 pm,
whereas the lateral penetration is about 2.3 pm (i.e., the penetration along the diffusion
mask-semiconductor interface). Therefore, the lateral penetration is about 80% of the
penetration in the vertical direction for concentrations three or more orders of magni-
tude below the surface concentration. Similar results are obtained for a constant-total-
dopant diffusion condition. The ratio of lateral to vertical penetration is about 75%. For
concentration-dependent diffusivities, 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 with approximately cylindrical edges with a radius of curvature r;, as shown
in Fig. 11. In addition, if the diffusion mask contains sharp corners, the shape of the junc-
tion near the corner will be roughly spherical because of lateral diffusion. Since the elec-
tric-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 junc-
tion having the same background doping. This junction “ curvature effect” was discussed
in Chapter 4.

13.3.2 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 equilib-
rium. This is similar to our previous discussion on impurity redistribution in crystal growth
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Fig. 11 Diffusion contours at the edge of an oxide window, where r;is the radius of curvature.'*
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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 ]

k= equilibrium concentration of impurity in silicon
equilibrium concentration of impurity in SiOy

) |

A second factor that influences impurity distribution is that the impurity may dif- |}
fuse rapidly through the silicon dioxide and escape to the gaseous ambient. If the diffu- §
sivity of the impurity in silicon dioxide is large, this factor will be important. A third factor
in the redistribution process is that the oxide is growing, and thus, the boundary between |
the silicon and the oxide is advancing into the silicon as a function of time. The relative
rate of this advance compared with the diffusion rate of the impurity through the oxide
is important in determining the extent of the redistribution. Note that even if the seg-
regation coefficient of an impurity k equals unity, some redistribution of the impurity in
the silicon will still take place. As indicated in Fig. 3 of Chapter 11, the oxide layer will |
be about twice as thick as the silicon layer it replaced. Therefore, the same amount of |
impurity will now be distributed in a larger volume, resulting in a depletion of the impu-
rity from the silicon.

Four possible redistribution processes are illustrated® in Fig. 12. These processes can |
be classified into two groups. In one group the oxide takes up the impurity (Fig. 122 and |

—|  |«—sio, —  |e—sio,
Si - Si
1.0 <1 10 4
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Fig.12 Four different cases of impurity redistribution in silicon due to thermal oxidation.®
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b for k < 1), and in the other the oxide rejects the impurity (Fig. 12c and d for k > 1). In
each case, what happens depends on how rapidly the impurity can diffuse through the
oxide. In group 1, the silicon surface is depleted of impurities; an example is boron with
k approximately equal to 0.3. Rapid diffusion of the impurity through the silicon dioxide
increases the amount of depletion; an example is boron-doped silicon heated in a hydro-
gen ambient because hydrogen in silicon dioxide enhances the diffusivity of boron. In
group 2, k is greater than unity, so that the oxide rejects the impurity. If diffusion of the
impurity through the silicon dioxide is relatively slow, the impurity piles up near the sil-
icon surface; an example is phosphorus, with k approximately equal to 10. When diffu-
sion through the silicon dioxide is rapid, so much impurity may escape from the solid to
the gaseous ambient that the overall effect will be a depletion of the impurity; an exam-
ple is gallium, with k approximately equal to 20.

The redistributed dopant impurities in silicon dioxide are seldom electrically active.
However, redistribution in silicon has an important effect on processing and device per-
formance. For example, nonuniform dopant distribution will modify the interpretation
of the measurements of interface-trap properties (see Chapter 6), and the change of the
surface concentration will modify the threshold voltage and device contact resistance (see
Chapter 7).

> 13.4 RANGE OF IMPLANTED IONS

Ion implantation is the introduction of energetic, charged particles into a substrate such
as silicon. Implantation energies are between 1 keV and 1 MeV, resulting in ion distri-
butions with average depths ranging from 10 nm to 10 pm. Ion doses vary from 102
ions/cm? for threshold voltage adjustment to 10'® ions/cm? for the formation of buried
insulating layer. Note that the dose is expressed as the number of ions implanted into 1
cm? of the semiconductor surface area. The main advantages of ion implantation are its
more precise control and reproducibility of impurity dopings and its lower processing
temperature compared with those of the diffusion process.

Figure 13 shows schematically a medium-energy ion implantor.!> The ion source has
a heated filament to break up source gas such as BF; or AsH; into charged ions (B* or
As*). An extraction voltage, around 40 kV, causes the charged ions to move out of the
ion-source chamber into a mass analyzer. The magnetic field of the analyzer is chosen
such that only ions with the desired mass-to-charge ratio can travel through it without
being filtered. The selected ions then enter the acceleration tube, where they are accel-
erated to the implantation energy as they move from high voltage to ground. Apertures
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Fig. 13 Schematic of a medium-current ion implantor.




470 » Chapter 13. Impurity Doping

ensure that the ion beam is well collimated. The pressure in the implantor is kept below
10~ Pa to minimize ion scattering by gas molecules. The ion beam is then scanned over |
the wafer surface using electrostatic deflection plates and is implanted into the semi- |
conductor substrate.

The energetic ions lose their energies through collision with electrons and nuclei in |
the substrate and finally come to rest at some depth within the lattice. The average depth }
can be controlled by adjusting the acceleration energy. The dopant dose can be controlled
by monitoring the ion current during implantation. The principle side effect is the dis- }
ruption or damage of the semiconductor lattice due to ion collisions. Therefore, a sub-
sequent annealing treatment is needed to remove these damages. |

13.4.1 lon Distribution

The total distance that an ion travels in coming to rest is called its range R and is illus- 5
trated!® in Fig. 14a. The projection of this distance along the axis of incidence is called |
the projected range R,. Because the number of collisions per unit distance and the energy |
lost per collision are random variables, there will be a spatial distribution of ions having -
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Fig. 14 (@) Schematic of the ion range R and projected range o, (b) Two-dimensional distribu- j
tion of the implanted ions.!® 1
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the same mass and the same initial energy. The statistical fluctuations in the projected
range are called the projected straggle 0,. There is also a statistical fluctuation along an
axis perpendicular to the axis of incidence, called the lateral straggle o,.

Figure 14b shows the ion distribution. Along the axis of incidence, the implanted
impurity profile can be approximated by a Gaussian distribution function:

_ 2
) = —S exp{_(x_il} (25)

2ro, 20,

where § is the ion dose per unit area. This equation is similar to Eq. 14 for constant-total-
dopant diffusion, except that the quantity 4Dt is replaced by 20, and the distribution is
shifted along the x-axis by R,,. Thus, for diffusion, the maximum concentration is at x =
0, whereas for ion implantation the maximum concentration is at the projected range R,
The ion concentration is reduced by 40% from its peak value at (x - R)) = 0, by one
decade at £20,, by two decades at 30, and by five decades at +4.80,.

Along the axis perpendicular to the axis of incidence, the distribution is also a Gaussian
function of the form exp(—y2/2ol) Because of this distribution, there will be some lat-
eral implantation.!” However, the lateral penetration from the mask edge (on the order
of 0,) is considerably smaller than that from the thermal diffusion process discussed in
Section 13.3.

13.4.2 lon Stopping

There are two stopping mechanisms by which an energetic ion, on entering a semicon-
ductor substrate (also called the target), can be brought to rest. The first is by transfer-
ring its energy to the target nuclei. This causes deflection of the incident ion and also
dislodges many target nuclei from their original lattice sites. If E is the energy of the ion
at any point x along its path, we can define a nuclear stopping power S,(E) = (dE/dx), to
characterize this process. The second stopping mechanism is by the interaction of the
incident jon with the cloud of electrons surrounding the target’s atoms. The ion loses energy
in collisions with electrons through Coulombic interaction. The electrons can be excited
to higher energy levels (excitation), or they can be ejected from the atom (ionization).
We can define an electronic stopping power S,(E) = (dE/dx), to characterize this process.

The average rate of energy loss with distance is given by a superposition of the above
two stopping mechanisms:

9E s (E)+$,(E). (26)
dx
If the total distance traveled by the ion before coming to rest is R, then
dE |
—_— 27 i
R=[} dx= J S D) +S.E) (27) i

where E, 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 E, and mass M;) and a target hard sphere (ini- :
tial energy zero and mass M,), as illustrated in Fig. 15. When the spheres collide, momen- j“
tum is transferred along the centers of the spheres. The deflection angle 6 and the velocities ]
v, and v, can be obtained from the requirements for conservation of momentum and

——
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Fig. 15 Collision of hard spheres.

energy. The maximum energy loss is in a head-on collision. For this case, the energy loss
by the incident particle M, or the energy transferred to M, is

Lty = [ﬂﬂfz——]]so. (28)
2 (M} +M,)?

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

Detailed calculations show that the nuclear stopping power increases linearly with
energy at low energies (similar to Eq. 28), and S,(E) reaches a maximum at some inter- 3
mediate energy. At high energies, S,(E) becomes smaller because fast particles may not
have sufficient interaction time with the target atoms to achieve effective energy trans-
fer. The calculated values of S,(E) for arsenic, phosphorus, and boron in silicon at vari-
ous energies are shown in Fig. 16 (solid lines, where the superscript indicates the atomic
weight).!® Note that heavier atoms, such as arsenic, have larger nuclear stopping power,
that is, larger energy loss per unit distance. ’

The electronic stopping power is found to be proportional to the velocity of
the incident ion, or

S(E) = k,VE (29)

where the coefficient k, is a relatively weak function of atomic mass and atomic number.
The value of k, is approximately 107 (eV)¥/cm for silicon and 3 x 107 (eV)¥%/cm for gal-
lium 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) equals S,(E). For boron,
which has a relatively low ion mass compared with the target silicon atom, the crossover
energy is only 10 keV. This means that over most of the implantation energy range of 1
keV to 1 MeV, the main energy loss mechanism is due to electronic stopping. On the
other hand, for arsenic with relatively high ion mass, the crossover energy is 700 keV.
Thus, nuclear stopping dominates over most of the energy range. For phosphorus, the
crossover energy is 130 keV. For an E less than 130 keV, nuclear stopping will dominate;
for higher energies, electronic stopping will take over.
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Fig. 16 Nuclear stopping power S, (E), and electronic stopping power S,(E) for As, P, and B in
Si. The points of intersection of the curves correspond to the energy at which nuclear and elec-
tronic stopping are equal.’8

Once S,(E) and S,(E) are known, we can calculate the range from Eq. 27. This in
turn can give us the projected range and projected straggle with the help of the follow-
ing approximate equations!®:

R
P=1+(M, /3M,)’

g _____VMlMZ R (31)

PT3I M +M, | P

R (30)

n

c

n

Figure 17a shows the projected range (Rp), the projected straggle (O'p), and the lateral
straggle (o) for arsenic, boron, and phosphorus in silicon.’® As expected, the larger the
energy loss, the smaller the range. Also, the projected range and straggles increase with
ion energy. For a given element at a specific incident energy, ¢, and 0, are comparable
and usually within +20%. Figure 17b shows the corresponding values for hydrogen, zinc,
and tellurium in gallium arsenide.!” If we compare Fig. 17a with Fig. 17b, we see that
most of the popular dopants (except hydrogen) have larger projected ranges in silicon
than they have in gallium arsenide.

& EXAMPLE 3

Assume 100 keV boron implants on a 200 mm silicon wafer at a dose of 5 x 10'* ions/cm?. Calculate
the peak concentration and the required ion beam current for 1 minute of implantation.
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Fig. 17 Projected range, projected straggle, and lateral straggle for (a) B, P, and As in Si, and
(b) H, Zn, and Te in GaAs.!1®

SOLUTION From Fig. 17a, we obtain 0.31 and 0.07 pm for the projected range and project strag-
gle, respectively.

From Eq.25, n(x)= S exp| - RP)Z
. ’ \/ET;GP 20’% i
dn___ S 2x-R) |-G-R)|
dx ono, 202 P 202
P p P

The peak concentration is at x = R, and n(x) = 2.85 x 10'° ions/cm?®.

2
The total number of implanted ions =Q = 5x 10" x 7 x [%9} =1.57x 10" ions.
-19 17
The required ion current= I= fth = 16x10 &1'57 x10 =419 % 10_4 A.

= (0.42 mA. e |
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13.43 lon Channeling

The projected range and straggle of the Gaussian distribution discussed previously give
a good description of the implanted ions in amorphous or fine-grain polycrystalline sub-
strates. Both silicon and gallium arsenide behave as if they were amorphous semicon-
ductors, 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 illus-
trated '6 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 (—«/A), where A is typically on
the order of 0.1 pm.

The exponential tail is related to the ion-channeling effect. Channeling occurs when
incident ions align with a major crystallographic direction and are guided between rows
of atoms in a crystal. Figure 19 illustrates a diamond lattice viewed along a <110>-direc-
tion.?? Tons implanted in the <110>-direction will follow trajectories that will not bring
them close enough to a target atom to lose significant amounts of energy in nuclear col-
lisions. 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 amor-
phous target. Ion channeling is particularly critical for low-energy implant and heavy ions.

10

10'8 P* jons/cm?
160 keV

1020 [

1019

Concentration (cm™)

1018
Exponential tail
1017 ] 1 ]
0 0.2 0.4 0.6 0.8
Depth (um)

Fig. 18 Impurity profile obtained in a purposely misoriental target. Ion beam is incident 7°
from the <111> -axis.!®
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Fig. 19 Model for a diamond structure, viewed along a <110>-axis.20

Channeling can be minimized by several techniques: a blocking amorphous surface
layer, misorientation of the wafer, 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 ions enter the wafer at
different angles and not directly down the crystal channels. Misorientation of the wafers
5°-10 ° off the major plane also has the effect of preventing the ions from entering the
channels (Fig. 20b). With this method, most implantation machines tilt the wafer by 7°
and then apply a 22° twist from the flat to prevent channeling. Predamaging the wafer
surface with a heavy silicon or germanium implant creates a randomizing layer in the wafer
surface (Fig. 20c). This method, however, increases the use of the expensive ion implantor.

Tons Ions Tons
000000000 000000000
0%6°6%6%6°%0%%% Oxide 020000000 Damaged
00000000 00000000 crystal
0O00000O0O 00000000
00000000 C(Crystal 00000000 Crystl
00000000 ' 00000000

[¢)

o
o
o, Crystal

(a) (b) (c)

Fig. 20 (a) Implant through an amorphous oxide layer, (b) misorient the beam direction to all
crystal axes, and (c) predamage on the crystal surface.
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B 13.5 IMPLANT DAMAGE AND ANNEALING
135.1 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 in the
generation of electron-hole pairs. However, electronic collisions do not displace semi-
conductor atoms from their lattice positions. Only nuclear collisions can transfer suffi-
cient energy to the lattice so that host atoms are displaced resulting in implant damage
(also called lattice disorder).2! These displaced atoms may possess large fractions of the
incident energy, and they in turn cause cascades of secondary displacements 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 amor-
phous.

The tree of disorder for light ions is quite different from that for heavy ions. Much
of the energy loss for light ions (e.g., 1'B* in silicon) is due to electronic collisions (see
Fig. 16), which do not cause lattice damage. The ions lose their energies as they pene-
trate deeper into the substrate. Eventually, the ion energy is reduced below the crossover
energy (10 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. 21a.

We can estimate the damage by considering a 100 keV boron ion. Its projected range
is 0.31 um, (Fig.17a), 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

Semiconductor surface

(a)

Disorder
cluster

~50 A

Fig.21 Implantation disorder caused by (a) light ions and (b) heavy ions.215
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50 keV (at a depth of 1500 A), the energy loss due to nuclear stopping increases to 15
eV for each lattice plane (ie., 6 eV/ A), sufficient to create a lattice disorder. Assuming
that one atom is displaced per lattice plane for the remaining ion range, we have 600 lat-
tice atoms displaced (i.e., 1500 A/2.5 A). If each displaced atom moves roughly 25 & from
its original position, the damage volume is given by V, = (254)2(15004) = 3 x 10-8cm?.
The damage density is 600/V,, = 2 X 102 cm™, 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
pm 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 cause 22 displaced target atoms (i.e., 330 eV/15eV). The total num-
ber of displaced atom is 5280. Assuming a range of 2.5 nm for the displaced atoms, the
damage volume is V, = 2(2.5 nm)? (60 nm) =10~ cm?®. The damage density is then 5280/V,,
= 5% 102 cm, or about 10% of the total number of atoms in V},. As a result of the heavy-
ion implantation, the material has become essentially amorphous. Figure 21b 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., 10*! keV/cm?®). For 100 keV arsenic ions, the
dose required to make amorphous silicon is then

102! keV / ecm®)R
S= ( 5 P =6x10" ions / cm?. (32)
0

For 100 keV boron ions, the dose required is 3 x 104 ions/cm? because R, for boron is
five times larger than for arsenic. However, in practice, higher doses (>10'6 ions/cm?)
are required for boron implant into a target at room temperature because of the nonuni-
form distribution of the damage along the ion path.

13.5.2 Annealing

Because of the damaged region and the disorder cluster that result from ion implanta-
tion, 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 ion and to restore mobility and other material parameters, we must anneal
the semiconductor at an appropriate combination of time and temperature.

In conventional annealing, we use an open-tube batch-furnace system similar to that
for thermal oxidation. This process requires long time and high temperature to remove
the implant damages. However, conventional annealing may cause substantial dopant dif-
fusion and cannot meet the requirement for shallow junctions and narrow doping pro-
files. Rapid thermal annealing (RTA) is an annealing process that employs a variety of
energy sources with a wide range of times, from 100 seconds down to nanoseconds—all
short compared with the conventional annealing. RTA can activate the dopant fully with
minimal redistribution.

Conventional Annealing of B and P

Annealing characteristics depend on the dopant type and the dose involved. Figure 22
shows the annealing behaviors of boron and phosphorus implantation into silicon sub-
strates.!® The substrate is held at room temperature (T,) during implantation. At a given
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Fig.22 Annealing temperature versus dose for 90% activation of boron and phosphorus.!®

ion dose, the annealing temperature is defined as the temperature at which 90% of the
implanted ions are activated by a 30 minute annealing in a conventional annealing fur-
nace. For boron implantation, higher annealing temperatures are needed for higher doses.
For phosphorus at lower doses, the annealing behavior is similar to that for boron. However,
when the dose is greater than 10'5 cm, 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 10" cm, the silicon surface layer becomes amorphous. The single-crystal semi-
conductor 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 epi-
taxial 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.

Rapid Thermal Annealing

The machine for RTA with a transient lamp heating is shown in Fig. 23. The tempera-
ture measured %2 from the heated wafer is usually from 600°-1100°C. A wafer is heated
quickly under atmospheric conditions or at low pressure under isothermal conditions.
Typical lamps in a RTA system are tungsten filaments or arc lamps. The processing cham-
ber is made of either quartz, silicon carbide, stainless 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 measurement system is placed in a control loop to set wafer temperature. The RTA
system interfaces with a gas-handling system and a computer that controls system oper-
ation. Typically, wafer temperature in a RTA system is measured with a noncontact opti-
cal pyrometer that determines temperature from radiated infrared energy.
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Fig.23 Rapid thermal annealing system that is optically heated.

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 tempera-
ture 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 (100°-300°C/s) thermal transients. Rapid heating with |
temperature gradients in the wafers can cause wafer damage in the form of slip disloca- |
tions induced by thermal stress. On the other hand, conventional furnace processing brings
with it significant problems, such as particle generation from the hot walls, limited ambi- |
ent control in an open system, and a large thermal mass that restricts controlled heating 1
times to tens of minutes. In fact, requirements on contamination, process control, and
cost of manufacturing floor space have resulted in the paradigm shift to the RTA process.

TABLE2 Technology Comparison

Determinant Conventional furnace ~ Rapid thermal annealing
Process © Batch Single-wafer

Furnace Hot-wall Cold-wall

Heating rate Low High

Cycle time High Low

Temperature monitor Furnace Wafer

Thermal budget High Low

Particle problem Yes Minimal

Uniformity and repeatability High Low

Throughput High Low
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[> 13.6 IMPLANTATION-RELATED PROCESSES

In this section we consider a few implantation-related processes, such as multiple implan-
tation, masking, tilt-angle implantation, high-energy implantation, and high-current
implantation.

1361 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 pro-
file and permits nearly 100% dopant activation at low temperatures, as discussed previ-
ously. 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.
24. Here, four boron implants into silicon are used to provide a composite doping pro-
file.2 The measured carrier concentration and that predicted using range theory are shown
in the figure. Other doping profiles, unavailable from diffusion techniques, can be 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 n-type dopant (or arsenic and p-
type dopant) are implanted prior to annealing, has resulted in higher carrier activation.

To form p-n junctions in selected areas of the semiconductor substrate, an appro-
priate mask should be used for the implantation. Because implantation is a low-temper-
ature 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 of Fig. 25 shows a profile of an implant in
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Fig. 24 Composite doping profile ‘using multiple implants.2
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Fig.25 Minimum thickness *of SiO, (—), SizN, (- - - -), and photoresist (- - — » —) to produce a
masking effectiveness of 99.99%.

a masking material. The dose implanted in the region beyond a depth d (shown shaded)
is given by integration of Eq. 25 as

2

§; = [ 5|l (33)
= ‘ eXp - X.
4 Nor o, 4 \/EGP
From Table 1 we can derive the expression
I e_y2dy = —\-/-2‘7-5 erfe (x). (34)

Therefore, the fraction of the dose that has “transmitted” beyond a depth d is given by
the transmission coefficient T:

d-R,

o,

S4

5 erfe (35)

T

o |

Once T is given, we can obtain the mask thickness d from Eq. 35 for any given R,

and 0,
T'ile values of d to stop 99.99% of the incident ions (T = 10~*) are shown in Fig. 25
for SiO,, Si;N,, and a photoresist as masking materials.'9% Mask thicknesses given in this
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figure are for boron, phosphorus, and arsenic implanted into silicon. These mask thick-
nesses also can be used as guidelines for impurity masking in gallium arsenide. The dopants
are shown in the parentheses. Since both R, and &, vary approximately linearly with energy,
the minimum thickness of the masking materlaf also increases linearly with energy. In
certain applications, instead of totally stopping the beam, the masks can be used as atten-
uators, which can provide an amorphous surface layer to the incident ion beam to min-
imize the channeling effect.

# EXAMPLE 4

When boron ions are implanted at 200 keV, what thickness of SiO, will be required to mask 99.996%
of the implanted ions (RP = 0.53 um, o, = 0.093 um)?

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

(

where the parameter u is given by (d - R )/\/—O' For T = 10, we can solve the above equation
to give u = 2.8. Thus,

d =R, +3.960,= 0.53 + 3.96 x 0.093 = 0.898 pm «

Ill

13.6.2 Tilt-Angle lon Implantation

In scaling devices to submicron dimensions, it is important also to scale dopant profiles
vertically. We need to produce junction depths less than 100 nm, including diffusion dur-
ing dopant activation and subsequent processing steps. Modern device structures, such
as the lightly doped drain (LDD), require precise control of dopant distributions verti-
cally and laterally.

It is the ion velocity perpendicular to the surface that determines the projected range
of an implanted ion distribution. If the wafer is tilted at a large angle to the ion beam,
then the effective ion energy is greatly reduced. Figure 26 illustrates this for 60 keV arsenic
ions as a function of the tilt angle, showing that it is possible to achieve extremely shal-
low distributions using a high tilt angle (86°). In tilt-angle ion implantation, we should
consider the shadow effect (inset in Fig. 26) for the patterned wafer. A lower tilt angle
leads to a small shadow area. For example, if the height of patterned mask is 0.5 pm,
with vertical sidewall, a 7° incident ion beam will induce a 61 nm shadow. This shadow
effect may introduce an unexpected series resistance in the device.

13.6.3 High-Energy and High-Current Implantation

High-energy implantors, capable of energies as high as 1.5-5 MeV; are available and have
been used for a number of novel applications. The majority of these depend on the abil-
ity to dope the semiconductor to many micrometers in depth, without the need for long
diffusion times at high temperatures. High-energy implantors can also be used to pro-
duce low-resistivity buried layers. For example, a buried layer 1.5-3 pm below the sur-
face 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 rou-
tinely used for the predeposition step in diffusion technology because the amount of total
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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 implant damage
at the surface region is annealed out. Another application is the threshold voltage adjust-
“ment in MOS devices. A precisely controlled amount of dopant (e.g., boron) is implanted
through the gate oxide to the channel region® (Fig. 27a). Because the projected range
of boron in silicon and silicon oxide are comparable, if we choose a suitable incident energy,
the ions will penetrate just the thin gate oxide, not the thicker-field oxide. The thresh-
old voltage will vary approximately linearly with the implanted dose. After boron implan-
tation, polysilicon can be deposited and patterned to form the gate electrode of the
MOSFET. The thin oxide surrounding the gate electrode is removed, and the source and
drain regions are formed as shown in Fig. 27b 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 high-quality silicon films, which are insulated
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Fig.26 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. 27 Threshold voltage adjustment using boron ion implantation.?
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from the substrate by implanting oxygen, creating an intervening layer of silicon dioxide.
This separation by implantation of oxygen (SIMOX) is a key SOI (silicon-on-insulator)
technology. '

The SIMOX process uses a high-energy O* beam, typically in the 150 to 200 keV
range, so that the oxygen ions have projected ranges of 100200 nm. Additionally, a heavy
dose, 1-2 x 108 jons/cm?, is used to produce an insulating layer of SiO, that is 100-500
nm thick. The use of SIMOX material leads to a significant reduction of source/drain capac-
itances in MOS devices. Moreover, it reduces coupling between devices and, thus, allows
tighter packing without the problem of latchup. As a result, it is widely proposed as the
material of choice for advanced, high-speed CMOS circuits.

> SUMMARY

Diffusion and ion implantation are the two key methods for impurity doping. We first
considered the basic diffusion equation for constant diffusivity. We obtain the comple-
mentary error function (erfc) and the Gaussian function for the constant-surface-con-
centration case and constant-total-dopant case, respectively. The results of a diffusion
process can be evaluated by measurements of the junction depth, the sheet resistance,
and the dopant profile.

When the doping concentration is higher than the intrinsic carrier concentration n,
at the diffusion temperature, the diffusivity becomes concentration dependent. This depen-
dence has profound effect on the resulting doping profile. For example, arsenic and boron
diffusivity in silicon vary linearly with the impurity concentration. Their doping profiles
are much more abrupt than the erfc profile. Phosphorus diffusivity in silicon varies as
the square of concentration. This dependence and a dissociation effect give rise to a phos-
phorus diffusivity that is 100 times larger than its intrinsic diffusivity.

Lateral diffusion at the edge of a mask and impurity redistribution during oxidation
are two processes in which diffusion can have an important impact on device performance.
The former can substrantially reduce the breakdown voltage, and the latter will influ-
ence the threshold voltage as well as the contact resistance.

The key parameters for ion implantation are the projected range R, and its standard
deviation g, also called the projected straggle. The implantation profile can be approx-
imated by a Gaussian distribution with its peak located at R,, from the surface of the semi-
conductor substrate. The advantages of ion implantation process are more precise control
of the amount of dopant, a more reproducible doping profile, and lower processing tem-
perature compared with the diffusion process.

We considered R, and o, for various elements in silicon and gallium arsenide and
discussed the channeling effect and ways to minimize this effect. However, implantation
, may cause severe damage to the crystal lattice. To remove the implant damage and to
i restore mobility and other device parameters, we must anneal the semiconductor at an
: appropriate combination of time and temperature. Currently, the rapid thermal anneal-
ing (RTA) is preferred to conventional furnace annealing because RTA can remove implant
damage without thermal broadening of the doping profile.

Ion implantation has wide applications for advanced semiconductor devices. These
include (a) multiple implantation to form novel distributions, (b) selection of masking
materials and thickness to stop a given percentage of incident ions from reaching the sub-
strate, (c) tilt-angle implantation to form ultrashallow junctions, (d) high-energy implan-
tation to form buried layers, and (e) high-current implantation for predeposition and
threshold voltage adjustment and to form an insulating layer for SOI applications.




