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STATIC DIELECTRIC CONSTANT OF SILICON VS. RESISTIVITY
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The static dielectric constant of heavily doped silicon at room temperature is considered. Taking phosphorus
as an example, the existing expression for the static dielectric constant at low temperatures is recast into a
form suitable for applications at room temperature, This is done by including the contribution of non-ionized
impurities to the static dielectric constant behavior at room temperature.
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1. Introduction

Heavily doped regions are present in every semiconduc-
tor device of practical interest today. It is also generally
accepted that the existence of heavy doping effects in sili-
con strongly affects the behavior of all bipolar devices. In
most of theoretical works so far, the static dielectric con-
stant in silicon has been assumed to be independent of the
impurity concentration at room temperature (although this
dependence has been clearly shown to exist at low temper-
atures). In this paper it is shown that the static dielectric
constant of heavy doped silicon at room temperature is not
constant.

The idea that static dielectric constant in silicon de-
pends on impurity concentration (the increase of the static
dielectric constant with increasing impurity) is not new.
This phenomenon has been treated by several authors [1-
5], all of them having discussed it at low temperatures
(except in [6]), where a large number of non-ionized im-
purity atoms, responsible for the increase in the value of
static dielectric constant, are present [7-11]. However, in
spite of the fact that non-ionized impurities also exist at
room temperature [ 12] the influence of the impurity con-
centration (resistivity) dependent static dielectric constant
(denoted henceforth as ICDSDC) on effects of heavy dop-
ing in silicon has been typically neglected.

ICDSDC effect has been clearly pointed out by Castel-
lan and Setz [1]. Considering the contribution of the im-
purity atoms to the polarization they obtained the static
dielectric constant of the impure material as:
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where « is the polarizability of the impurity atom, £const
the dielectric constant of Si (€const = 11.7),and N the con-
centration on non-ionized impurity atoms. Expression (1)
has been used in several works to explain the properties
of heavily doped silicon [9], and also when the material is
considered to exhibit a metal-nonmetal transition [7].
Dhar and Marshak [5] have extended (1) by taking into

account the polarization of the host atoms and its effect on
the polarization of the impurity atoms (and vice versa).
They obtained the static dielectric constant of the impure
material as:
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where « is impurity dependent and given by:
A
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with A and B being constants which, for silicon, depend on
the type of impurity. Expression (2) has been shown to be
in agreement with experimental data obtained by Castner
et al.[7). It is important to note that (1) and (2) are derived
for low temperatures (I' — 0 K) where all impurity atoms
assumed to be non-ionized. This is also in consistency with
the experimental conditions of Bethin er al. [2].

The only relationship for ICDSDC which is supposed
to be valid at room temperature, up to this author’s knowl-
edge, has been given by Andrews er al. [10] as es(Np) =
11.7 for the concentration of donors Np < 10’ cm™ and

£s(Np) = Cexp(DNp), for Np 2 10%cm ™3, @

where C and Dare constants. Expression (4) has been used
in calculations of the electrostatic potential and charge den-
sity in graded n* -p structures [ 10]. Also, Theng and Li[11]
used (4) for theoretical calculations of the depletion layer
width and the depletion capacitance in a heavily doped p-n
junction diode. However, although (4) is sufficient to show
trends in the static dielectric constant behavior its practical
validity is limited for dopant densities up to approximately
5.10'8 cm~3 [11]. Namely, for larger dopant densities,
with the proposed constants C' and D [10], the exponen-
tial nature of (4) indicates a possible divergence of the
static dielectric constant, which is similar to the singular
behavior of (1) and (2) (usually called “polarization catas-
trophe™) [2,5]. However, no clear evidence has been given
that such an effect would occur in heavily doped silicon at
room temperature.
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In this paper, the importance of taking into account the
non-constant static dielectric constant in heavily doped sili-
con is pointed out. The most important quantities that char-
acterize heavily doped silicon, such as screening length,
standard deviations and density of states of conduction,
valence, donor and acceptor bands are calculated taking
into account the impurity concentration dependent static
dielectric constant. A simple expression that describes de-
pendence of static dielectric constant on resistivity of phos-
phorus doped silicon at room temperature is proposed.

2. ICDSDC model

Here we consider phosphorus-doped silicon in the range
Np = 10'7 em™3 to 5 - 10 cm™3 at temperature
T = 300 K, with position dependent band structure. Thus,
we assume that N4 = 0 and, for thermal equilibrium, we
can write [13,14]

+o0o
s = [ max(pe(E), pp(E)) fa(E, EF)dE, (5)

where f,(E, Er) is Fermi-Dirac function for electrons,
Er the Fermi energy, while p, and pp, are the densities of
states in the conduction and donor bands, respectively.

In non-degenerate semiconductor conduction and va-
lence band density of states functions are parabolic with
respect to energy. At high impurity concentrations (donors
in this case), density of states functions have “tails” ex-
tending into the band gap. Furthermore, as impurity con-
centrations increases, the impurity level splits into a large
number of close levels, eventually merging into an impurity
band with the corresponding density of states. Finally, due
to the interactions among carriers and impurity ions, con-
duction and valence band edges shift towards each other.
As a result of these effects, the band structure in heavily
doped semiconductor is position dependent and the band
gap narrows with increasing impurity concentration.

Expressions that describe non-parabolic conduction
and valance band density of states are given by [14]:
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respectively, with y(z) given as
1 1
y(z) = \/—,1? f vz — uexp(—u?)du. (8)
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Standard deviation ocy, in equations (6) and (7), is

given by [14]
2

where A is screening length and a, silicon lattice constant.
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The donor and acceptor band density of states func-
tions, pp and p 4 respectively, are given by [14]:
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The total conduction and valence band density of
states can be found as p.(E) = max(p.(E), pp(E)) and
pn(E) = max(py(E), pa(E)).

Both p.(E) and pp(E) are functions of the screening
length A:
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where Tj,n = 9000 K [15], €9, n, and p, are permittivity
of free space, electron and hole concentration in thermal
equilibrium, respectively.

Equation (5) is usually solved for the Fermi level Er by
assuming total ionization of impurities at room temperature
(ie. no = Np = Nj)) and €, = £const = 11.7[13,15].
In that case the screening length can be considered as a
function of the impurity concentration (curve (a) in Fig-
ure 1) [14]. However, it should be pointed out here that
both p.(E) and pp(E) in (5) are affected by ICDSDC due
to the incomplete activation of impurity atoms. Hence, for
the case when the static dielectric constant is a function of
the concentration of non-ionized impurities N, (5) can be
rewritten as

+oo
Np= ] max(pe(E, 4(N)), pp(E, £4(N))

X fn(E,Ep)dE. (13)

Since, up to our knowledge, there is a lack of experi-
mental data for ICDSDC at room temperature we assume
that (2) can be used at 77 = 300 K with appropriate
concentration of non-ionized impurities. Using (3) with
A=1.907-10"2° cm® and B = 4.698- 10~7 cm [5] we
can rearrange (2) with €.onst = 11.7 as

gs(N) =117+
1.5-10"1N
105.3 — 4.9469 - 10—5N1/3 — 3.283 - 1018

+ N’ -
with N being in cm~2. Note that (14) is a substantial part
of (13).

Obviously, there are two dependent variables (/N and
Ep) in (13) which implies a family of A(Np) dependen-
cies. In order to find a physically valid solution, we employ
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the following two constraints on A(Np). The first con-
straint is that in the whole range of impurity concentrations
considered the condition

A > ag, (15)

is fulfilled. Namely, the static dielectric constant, as a
macroscopic quantity, makes sense as long as the screen-
ing length stays larger than the lattice constant [16]. It
is noteworthy that by using €5 = &const = 11.7 in (12)
for impurity concentrations over 10?° cm—2 the screening
length becomes less than the lattice constant. The second
constraint is that the screening length is assumed to be a
monotonically decreasing function, that is

dA
iNp <0 (16)
in order to avoid any possibility of the polarization catas-
trophe for real impurity concentrations (which is obviously
the case when (4) is used).

Expression (13), along with (15) and (16), can be nu-
merically solved by a self-consistent procedure as a con-
strained problem.

It is noteworthy that, although the percentage of non-
ionized impurities at higher impurity concentrations is rel-
atively small, their concentration is high enough to affect
the static dielectric constant behavior.

By substituting NV into (14) we obtain the dependence
of the static dielectric constant on impurity concentration.
For practical calculation purposes the ICDSDC effect for
phosphorus can be approximated expression as follows:

1.635-10~'"Np

141.172-10~2'Np’ (7

es(Np) = 11.688 +
with Np in cm 3.

Assuming that the resistivity p (2cm) of phosphorus
doped silicon is predominantly affected by electrons as
majority carriers, it can be calculated by:

1
> 18
= qunNp W
where j1,, (cm?/Vs) is the drift mobility of electrons.

In our calculations we have used mobility model which
takes into account lattice and ionized impurity scattering,
while deviation from ohmic-law field mobility is found to
be neglectable. With these assumptions mobility model for
electrons p,, (cm?/Vs) can be expressed as [17]:

1350
1+ (11250)

with Np in cm~3.
From (17), (18) and (19) we obtain the dependence of
the resistivity p in Q2cm on the static dielectric constant

(solid line in Figure 1):

6.25- 1073

= 1350
(80 + 1+7oo{(e,-11.sss)/{lsa.s-l.me,))uﬂ)

1
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(20)
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Figure 1. Static dielectric constant of silicon vs. resistivity at
T = 300 K: solid line - calculated from (20); dashed line -
calculated from (21).

For practical calculation of the dependence of static di-
electric constant on the resistivity expression (20) can be
approximated as follows (dashed line in Figure 1):

00125+ 11.6p

= - 21
9.15-10~%+p 1)

e(p)

with p in 2 cm.

3. Conclusion

The well-known effect of the impurity concentration de-
pendent static dielectric constant (ICDSDC) in silicon has
been so far analyzed at low temperatures [ 1-3,5] while its
existence at room temperature was only a matter of qualita-
tive judgment [6]. A way to obtain a reasonable quantitative
estimation for ICDSDC at room temperature is suggested
in this paper.

It is demonstrated that in heavily doped silicon the con-
centration of non-ionized impurities at room temperature,
although small in comparison to the impurity concentra-
tion, is high enough to govern the behavior of static dielec-
tric constant. The concentration of non-ionized impurities
at room temperature is numerically calculated under con-
straints related to the screening length. The proposed con-
straints are established in such a way to retain the macro-
scopic nature of the static dielectric constant and to avoid
the polarization catastrophe in the range of real impurity
concentrations. In this procedure, the existing relation for
ICDSDC for phosphorus doped silicon at low tempera-
tures [5], is utilized and recalculated taking into account
non-ionized impurities at room temperature. As a result, a
compact expression for the dependence of static dielectric
constant on the resistivity of silicon at room temperature is
given.




Static Dielectric Constant of Silicon vs. Resistivity

References

[1] G. W. Castellan, F. Seitz: On the Energy States of Impuri-
ties in Silicon, in Semiconducting Materials, Butterworths,
London, 1951.

[2] J. Bethin, T. G. Castner, N. K. Lee: Polarizabilities of
Shallow Donors in Silicon, Solid State Communications,
Vol. 14, 1974, pp. 1321-1324.

[3] T. Castner: The Dielectric Anomaly as the Insulator-Metal
Transition is Approached from the Insulating Side, Philo-
sophical Magazine B, Vol. 42, 1980, pp. 873-893.

[4] K. W. Teng, S. S. Li: Theoretical Calculations of Debye
Length, Built-In Potential and Depletion Layer Width ver-
sus Dopant Density in Heavily Doped p-n Junction Diode,
Solid-State Electronics, Vol. 28, 1985, pp. 277-285.

[5] S. Dhar, A. H. Marshak: Static Dielectric Constant of
Heavily Doped Semiconductors, Solid-State Electronics,
Vol. 28, 1985, pp. 763-766.

[6] H. M. Andrews, A. H. Marshak, R. Shrivastava: The Ef-
fects of Position-dependent Dielectric Constant on the Elec-
tric Field and Charge Density in a p — n Junction, J. Appl.
Phys., Vol. 52, 1981, pp. 6783-6787.

[7] T. S. Castner, N. K. Lee, G. S. Cielozyk, G. L. Salinger:
Dielectric Anomaly and the Metal-Insulator Transition in
n-Type Silicon, Physical Review Letters, Vol. 34, 1975,
pp. 1627-1630.

[8] P. L. Hugon, A. Ghazali: Insulating Side of the Metal-
Insulator Transition in Doped Semiconductors and the

297

Dielectric Constant Enhancement, Physical Review B,
Vol. 42, 1976, pp. 602-605.

[9] M. Takeshima: Unified Treatment of Dielectric Enhance-
ment and Conduction-electron Screening in the Mott Tran-
sition in Semiconductors, Physical Review B, Vol. 17,
1978, pp. 3996-4003.

(10] H. M. Andrews, A. H. Marshak, R. Shrivastava: The Ef-
fects of Position-dependent Dielectric Constant on the Elec-
tric Field and Charge Density in a p — n Junction, J. Appl.
Phys., Vol. 52, 1981, pp. 6783-6787.

[11] K. W, Teng, S. S. Li: Theoretical Calculations of Debye
Lenght, Built-In Potential and Depletion Layer Width ver-
sus Dopant Density in Heavily Doped p-n Junction Diode,
Solid-State Electronics, Vol. 28, 1985, pp. 277-285.

(12] W. Kuzmicz: Ionization of Impurities in Silicon, Vol. 29,
1986, pp. 1223-1227.

[13] R. J. Van Overstraeten, H. J. De Man, R. P. Mertens:
Transport Equations in Heavy Doped Silicon, IEEE Trans.
on Electron Devices, Vol. ED-20, 1973, pp. 290-298.

[14] S. Selberherr: Analysis and Simulation of Semiconductor
Devices, Springer-Verlag, Wien, 1984.

[15] M. Mock: On Heavy Doping Effects and the Injection
Efficiency of Silicon Transistors, Solid-State Electronics,
Vol. 17, 1974, pp. 819-824.

[16] B.L Sklowskiy, A. L. Efros: Electrical Properties of Doped
Semiconductors, Nauka, Moskow, 1987.

[17] “Minimos 6.0, User’s Guide, Tehnical University Wien,
Wien, 1994.



