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Abstract: A mathematical analysis is presented on the measurement of an impurity atom distribution in silicon by the differential
capacitance technique. This analysis shows some inherent errors that can arise when the technique is applied to material containing
a small impurity atom density. An important conclusion is that the differential capacitance measurement establishes the distribution
of majority carriers, rather than the distribution of impurity atoms; therefore this measurement technique is applicable only in regions

of semiconductor material exhibiting charge neutrality.

Introduction

The measurement of impurity atom distributions in semi-
conductor material is important both in fundamental
investigations and in the design and development of semi-
conductor devices. A method frequently used to obtain
such information is the differential capacitance tech-
nique.'~* This technique involves the use of a reverse-
biased abrupt asymmetrical p—n junction, or a similar
structure, suitably located so that its space-charge layer
penetrates into the region of semiconductor material under
investigation. Because the electrical properties of an abrupt
p-n junction are well understood, the measured differential
capacitance of this test junction (throughout a range of
reverse biasing voltage) can be used to quantitatively
establish the impurity atom distribution within the semi-
conductor material.

An inherent experimental limitation of this technique
results from avalanche mechanisms within the space-
charge layer of the test junction. Avalanche breakdown
limits the maximum voltage that can be applied to the test
junction, and hence the maximum distance over which a
given junction can be used to establish an impurity atom
distribution; therefore this experimental method has only
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limited applicability in an investigation of material contain-
ing a large impurity atom density. As a result there is a
tendency to use the differential capacitance technique in in-
vestigations of “low-doped” semiconductor material, and
to use other techniques (for example, radio tracer methods)
for material containing a large impurity atom density.

At comparatively large values of impurity atom density,
several different methods exist for determining the impurity
atom distribution in a given sample of semiconductor ma-
terial. By direct comparison, substantial agreement can be
shown between the impurity profile established by differ-
ential capacitance measurements and by other methods.
In contrast, at very small values of impurity atom density
there is no direct experimental method for verifying the ac-
curacy of an impurity atom profile obtained from differen-
tial capacitance measurements. Therefore the need for a rigo-
rous mathematical investigation of this topic is apparent.

The material presented here results from a one-dimen-
sional solution of the ambipolar diffusion equations for
holes and electrons in semiconductor material. These
mathematical equations are solved for an analytical model
that approximates the differential capacitance experiment
for measuring an impurity atom distribution. Briefly, the
analytical model is composed of a region of semiconductor
material containing a prescribed impurity atom distribu-
tion; this region is bounded at one end by a test junction
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(either an asymmetrical abrupt p—n junction or a Schott-
ky barrier) and at the other end by an ohmic contact. A dif-
terential capacitance measurement is mathematically ap-
proximated by applying to this analytical model a prescribed
reverse biasing voltage (between the test junction and the
ohmic contact) and calculating the resulting electrical
capacitance. In this fashion, the test junction capacitance
can be established for a sequence of reverse biasing voltages
comparable to those used in a differential capacitance
measurement of the impurity profile in a semiconductor.

This mathematical method has been used to calculate the
capacitance-vs.-voltage charactersitics that would be ob-
tained from differential capacitance measurements upon
semiconductor material containing a prescribed impurity
atom distribution. From this calculated capacitance infor-
mation, in conjunction with conventional equations re-
lating the impurity atom distribution to the measured
capacitance, a comparison was made between the impurity
atom distribution that would be established by differential
capacitance measurements and the impurity atom distribu-
tion used in the analytical model. In situations where a
difference was observed between the differential capacitance
inferred profile and that of the model, a study was made to
determine the source of difference. Thereby, this investiga-
tion has provided understanding of some inherent limita-
tions of the differential capacitance technique; a discussion
of these limitations is presented here.

List of definitions
C  Electrical capacitance

D, Diffusion constant for electrons

D, Diffusion constant for holes

E  Electric field

J.  Electric current density due to electrons
J,  Electric current density due to holes
Jr  Total electric current density

N  Jonized impurity atom density

®, Recombination rate for electrons
®, Recombination rate for holes

V; Total junction voltage

W  Electrostatic energy

i Electric current

£  Length of structure under investigation
n Mobile electron density

P Mobile hole density

q Electron charge

t Time

¢  Permittivity of free space

K Dielectric constant

un  Dag/kT

vp  Dyg/kT

¥ Electrostatic potential
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Mathemetical methods
In a homogeneous semiconductor, the hole and electron

distributions [p(x) and n(x)] are described by the equations:®
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Equation (1a) is Poisson’s equation, which relates the
divergence of the electric field to the total electric charge
due to both mobile charge carriers and ionized impurity
atoms. Throughout the present investigation, a wide selec-
tion of different impurity atom distributions was used in
the mathematical model; these distributions will be dis-
cussed individually.

Equations (1b) and (1¢) give the electric current densities
within a semiconductor arising from the transport of
mobile holes and electrons. They express the dependency
of the electric current components (/, and J,) upon the
concentration gradients of holes and electrons, the mobility
of these charge carriers, and the electrostatic potential
gradient within a semiconductor.

Equations (1d) and (1e) are the continuity equations for
holes and electrons that are assumed to exhibit an un-
specified recombination/generation mechanism. It has
been a general practice in most applications of Egs. (1)
to adopt the recombination/generation mechanisms out-
lined in the Shockley-Read theory.® Throughout the present
investigation a simplification has been used for these
equations which makes it unnecessary to introduce mech-
anisms attributable to minority carriers.

Equation (1f) states that the total electric current density
is the algebraic sum of electric current due to both holes
and electrons.

The equations listed in (1) can be combined into three
simultaneous non-linear differential equations in three
variables: electrostatic potential, mobile hole concentra-
tion, and mobile electron concentration. A rigorous mathe-
matical analysis of this problem requires the simultaneous
solution of these three equations, subject to the constraints
imposed by both the geometrical and physical properties
of the problem.

The analysis presented here results from a computer
program developed for the one-dimensional simultaneous
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solution of these equations. In this computer program
three nodal arrays are used to approximate the structure
under investigation. These nodal arrays are individually
composed of approximately 120 spatial locations that are
suitably distributed to provide the required computational
accuracy. The applicable differential equations are used in
their finite-difference form, and simultaneous solutions are
obtained for these three arrays by using relaxation
methods.”

A typical analytical model for which Egs. (1) are solved
is shown in Fig. 1. In this model the sample of semicon-
ductor material is assumed to contain a prescribed impurity
atom distribution. One end of this model is bounded by
an ohmic contact, and the opposite end by a Schottky
barrier type of rectifying contact.!?> The application of a
reverse biasing voltage between the rectifying contact and
the ohmic contact produces a space-charge layer that pene-
trates into the region of semiconductor material under
investigation.

Each solution of Eqs. (1) yields the electric field distribu-
tion E(x) within the model shown in Fig. 1. From this field
distribution, the associated electrostatic energy W is given
by!3.14

l
W=K—€°/ E'dx . (2)
2/,

In this analysis an electrostatic energy calculation is com-
pleted for each assumed value of biasing voltage ; thereafter
graphical means are used to determine the associated
electrical capacitance,

1 dw

TV av )

In this fashion a mathematical determination is made of
the capacitance-vs.-voltage characeristic that would be ob-
tained from laboratory measurements upoh the prescribed
sample of semiconductor material.

In an attempt to reduce the computer time for this in-
vestigation, a comparison was made between two forms of
the calculated differential capacitance of this semiconductor
structure; first, when the mechanisms attributable to
minority carriers were included and second, when the
minority carrier density was assumed to be zero. In no case
was a significant difference observed when the influence
of minority carriers was neglected. For this reason, the in-
formation presented here has been obtained from simplified
solutions of (1) in which the minority carrier density is
assumed to be zero.

The differential capacitance technique

The differential capacitance technique for profiling semi-
conductor material arises from the depletion layer theory
of an abrupt asymmetrical p—n junction. A fundamental
property of this junction is that one side is doped to an
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Ohmic contact Schottky barrier

n-Type silicon

Figure 1 Analytical model used in this investigation,

impurity atom density which is several orders of magnitude
greater than the other side; the junction space-charge layer
thus extends much further into the region of small doping
than into the region of large doping. Furthermore, this
differential capacitance technique is based upon an assump-
tion that the space-charge region in the low-doped side
exhibits the physical simplifications used by Shockley in his
development of the depletion layer theory of p—n junction
operation.!®

From this depletion layer theory it has been shown? that
the impurity atom density at the space-charge layer edge of
an asymmetrical abrupt p-n junction (on the low-doped
side) is given by

c? ( dC )‘1
Nix) = — — | = . 4
(x) e\ av 4)
Equation (4), in conjunction with a traditional expression
for the electrical capacitance of p—n junction,

Keg
c="", (5)
is conventionally used in differential capacitance measure-
ments of the impurity atom distribution in semiconductor
material. In Eq. (5), ke is the permittivity of the semicon-
ductor material, and x is the space-charge layer width.

It will be shown in this paper that Eq. (4) is only applica-
ble to semiconductor material exhibiting charge neutrality.
This conclusion has been derived from a series of computa-
tional experiments using the analytical model illustrated in
Fig. 1. In these experiments a prescribed impurity atom
distribution is assumed within this analytical model, and a
series of calculations is performed [using Egs. (1), (2), and
(3)] to establish capacitance-vs.-voltage information one
would obtain from differential capacitance measurements
upon a sample of semiconductor material containing this
same impurity atom distribution. Thereafter Eqs. (4) and
(5) are used to determine the impurity atom distribution in-
ferred by these capacitance calculations. Thereby a direct
comparison is obtained between an impurity atom distribu-
tion used within the analytical model and the impurity atom
distribution that would be inferred from differential capaci-
tance measurements upon semiconductor material contain-
ing this same impurity atom distribution. At small values
of impurity atom density, these impurity atom distributions
(the capacitance-inferred distribution and the distribution
used in the analytical model) were seldom in agreement. To
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understand the source of this difficulty a study was made of
the approximations and simplifications used in the develop-
ment of Eq. (4). This study has established some inherent
limitations associated with the differential capacitance
technique for measuring the impurity atom distribution in
semiconductor material.

The small-signal capacitance of a reverse biased p-n
junction arises from the electrostatic charge circulating
within its external biasing circuit, due to an incremental
change of applied biasing voltage,

©

ey = g5 ) i, (6)

For an asymmetrical abrupt p—n junction the magnitude
of this electrostatic charge is established by the quantity of
mobile electrons either removed or added to the low-doped
material (assuming this material is n-type), due to a small
change of space-charge layer width. Leaving out any spe-
cific reference to the junction biasing voltage, this quantity
of mobile electrons is given by n(x)dx, where n(x) is the
local density of mobile electrons at the space-charge layer
edge and x is the space-charge layer width. Therefore the
electrical capacitance of this p—n junction (per unit area)
is given by

©

1 . dx
=), i(0)dt = gn(x) FT% (7N

From Egqgs. (5) and (7) we obtain

n(x) = — < (3_9_1 , (8)

gKeo

where C is the differential capacitance of a test junction that
is measured at a given reverse biasing voltage. Equation (8)
represents our modified form of Eq. (4); this equation
shows that differential capacitance measurements establish
the majority carrier distribution in a semiconductor, not the
impurity atom distribution.

It should be noted that Egs. (4) and (8) are in quantitative
agreement when applied to charge-neutral semiconductor
material [since n(x) = N(x)]. For this reason differential
capacitance measurements provide an important means to
establish the impurity atom distribution in this particular
type of semiconductor material. In contrast, differential
capacitance measurements are of little value when applied
to semiconductor material containing a substantial electro-
static charge; such measurements can produce a density
distribution that is orders of magnitude larger (or smaller)
than the impurity atom distribution. These conclusions
have been verified by the previously described computa-
tional experiments.
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Equation (7) is based upon an assumption that the p-n
junction ideally satisfies the mechanisms of operation out-
lined in Shockley’s depletion layer theory. In this theory
the p-n junction space-charge layer is assumed to be deplet-
ed of mobile charge carriers, and to terminate in a dis-
continuous fashion. Because these idealizations cannot
always be taken for granted, the lack of idealization of the
test junction space-charge layer will be considered a
possible source of error.

In an asymmetrical abrupt p-n junction, it can be
shown!¢ that at potential equilibrium the space-charge
region (on the low-doped side) is essentially depleted of
mobile charge carriers. Therefore at all values of reverse
biasing voltage the asymmetrical abrupt p-n junction
satisfies this particular requirement of the differential
capacitance technique, regardless of the doping level of
the material under investigation. In contrast, the asym-
metical abrupt p—n junction does not exhibit a space-charge
region that terminates in a discontinuous fashion. For this
reason, questions arise concerning the precise location at
which the differential capacitance of this type of junction,
in combination with Eq. (7), defines the majority carrier
density within semiconductor material.

Questions arising from a lack of abruptness in the space-
charge layer edge, can be answered by returning to Shock-
ley’s depletion layer theory for the electrical capacitance of
an abrupt asymmetrical p~n junction.!® In Shockley’s analy-
sis of this problem, approximate methods were used to es-
tablish a location for the space-charge layer edge; these ap-
proximate methods are well known and will not be repeated
here. Thereafter Shockley used this approximate location,
in conjunction with Eq. (5), to mathematically establish
the junction capacitance; the validity of this approximation
has been proved in many experiments using abrupt p-n
junctions.

Throughout this investigation, the Shockley depletion
layer theory for junction capacitance has remained a valid
approximation. In differential capacitance measurements,
if the test junction space-charge region is well depleted of
mobile charge carriers, the measured junction capacitance
arises from the introduction (or removal) of mobile charge
carriers from the space-charge layer edge. When this type
of junction is used to determine the majority carrier (or im-
purity) distribution in a semiconductor [by using differen-
tial capacitance measurements in conjunction with Eq. (8)],
the specific distance from the test junction is given by Eq.
(5); this equation establishes the width of an equivalent
parallel plane capacitor. If, instead, the test junction space-
charge region is not well depleted of mobile charge carriers
(a situation of this kind can occur in a Schottky rectifier),
both the carrier density implied by Eq. (8) and the distance
implied by Eq. (5) will be in error.

Figure 2 illustrates the calculated space-charge distribu-
tion for a Schottky barrier throughout a range of barrier
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Figure 2 Calculated space-charge distributions associated with
a Schottky barrier type of rectifying contact (silicon).

voltages; this computation (Fig. 2) is based upon an impuri-
ty atom density of 10! atoms/cm?®. In Fig. 2 the space-
charge layer does not become suitably depleted of mobile
charge carriers until the junction voltage is sufficient to re-
sult in a space-charge layer width of approximately 80 u. At
small values of junction voltage the differential capacitance
of a Schottky barrier can therefore result from changes in
electrostatic charge throughout the entire space-charge
region, rather than from the edge of this region. There-
fore the Schottky barrier sometimes will introduce a
substantial error in the inferred impurity atom distribution
arising from a series of differential capacitance measure-
ments.

Figure 2 shows that the Schottky barrier does not elimi-
nate a basic difficulty of the abrupt p—n junction: the
Schottky barrier must be located a sufficient distance from
the region under investigation to assure mobile carrier
depletion within the space-charge layer.

The high-low semiconductor junction
Important to the differential capacitance measurement are

the physical mechanisms associated with the high-low
junction.'™2! In most practical situations this measurement
is used in an investigation of semiconductor material of
homogeneous conductivity type that is known to contain a
high-low junction (a region of high conductivity and a re-
gion of low conductivity); it is only the detailed impurity
atom distribution that is unknown. For this reason the
present discussion outlines some properties of a high-low
Jjunction that are important in an application of the dif-
ferential capacitance technique.

It is emphasized that the present discussion is not in-
tended to provide a rigorous and detailed outline of the
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physical properties of a high-low junction. The information
presented here has been taken from an investigation of
high-low junction theory now under way.

Both thermal diffusion and drift contribute to the trans-
port of mobile charge carriers within an impurity semi-
conductor. If we assume these mobile charge carriers are
electrons, the electric current density arising from these
transport mechanisms is given by

dn avr
n = n ;. nll 77 . 9
Jo = qDn" - = quan - 9

For simplicity we shall assume the semiconductor material
is n-type and sufficiently extrinsic so that little error is
introduced by neglecting minority carriers (holes).

In a high-low junction at equilibrium, the electric current
is zero everywhere, and the diffusion and drift components
in Eq. (9) are therefore of equal magnitude but in opposite
directions. From (9) we obtain for this situation.

avr kT 1 dn

E(x) = = —7’7()6) I (10)
Equation (10) establishes the electric field necessary to
maintain an electric current of zero in n-type semiconductor
material containing local variations in mobile electron
density. Because the distribution of mobile electrons is not
necessarily known, it is traditional to assume charge
neutrality and thereby relate the mobile electron density
to the ionized impurity atom density [n(x) = N(x)],
_ kT 1 dN(x)

g N(x) dx

The applicability of this charge-neutral solution (11) is
not directly dependent upon the magnitude of the built-in
electric field but, instead, upon the rate at which this field
is changing. From Poisson’s equation,

E(x) = (11)

av q
T e [N(x) — n(x) + p(x)], (12)
the electrostatic charge within a region of semiconductor
material governs the rate of change of an electric field
within the region under consideration. For this reason it
is sometimes incorrect to assume charge neutrality in
semiconductor material containing a non-zero impurity
atom gradient. Likewise, it is sometimes incorrect to as-
sume that material containing an impurity atom gradient
of zero is free of electrostatic charge, and hence free of a
built-in electric field.

For example, semiconductor material containing a dis-
continuous change of impurity atom density (frequently
called an abrupt high-low junction) exhibits an electro-
static double-layer of the type attributable to a p—n junc-
tion. Figure 3 illustrates the impurity atom distribution,
the electron distribution, and the electrostatic charge distri-
bution due to an abrupt transition from 10 to 108
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Figure 3 Calculated space-charge characteristics of an abrupt
high-low semiconductor junction (silicon).

Figure 4 Calculated space-charge layer width in an abrupt high-
low junction (silicon). The relative impurity atom density on
each side of the structure is assumed to be 108,
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Figure 5 Calculated space-charge characteristics of semicon-
ductor material containing a discontinuous impurity atom
gradient (silicon).

atoms/cm?, This illustration was obtained from a detailed
numerical solution of Egs. (1).

Although the electrostatic double-layer associated with
a high-low junction is similar to that obtained in a p-n
junction, fundamental differences can be observed between
these structures. For example, the high-low junction con-
tains a region on the high-doped side that is partially
depleted of mobile charge carriers, and a region on the
low-doped side that contains an accumulation of mobile
charge carriers. Majority carrier accumulation is not ob-
served within the space-charge layer of p-n junctions; in an
asymmetrical abrupt p—n junction, the low-doped side con-
tains an electrostatic charge that resuits from majority
carrier depletion.*

Figure 4 illustrates the theoretical space-charge layer
width for the abrupt high-low semiconductor junction at
potential equilibrium. This illustration results from a series
of computer calculations for high-low junctions throughout
a wide range of impurity atom densities; the calculations
shown in Fig. 4 are based upon an assumed ratio of 102 for
the impurity atom densities on the two sides of the struc-
ture. In conjunction with this investigation of the differen-
tial capacitance measurement, the space-charge layer edges

* This statement neglects minority carrier accumulation that takes place

within the low-doped space-charge layer of an asymmetrical abrupt p-n junc-
tion; such accumulation has little influence upon the present discussion.
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Figure 6 A comparison between the impurity atom distributions
in the analytical model (Fig. 1) and those inferred from differ-
ential capacitance calculations.

of a high-low junction have been defined as those locations
where the space-charge density is either 109 above or
below the density of ionized impurity atoms within the
semiconductor material.

Another situation leading to an electrostatic charge is
the abrupt termination of a linearly-graded impurity distri-
bution into a region of constant doping, Fig. 5. From Eq.
(10), a region of constant impurity atom gradient would be
expected to produce a condition of near charge neutrality,
because only a small change is obtained in the resulting
electric field; this small change of electric field is a conse-
quence of variations in the density of impurity atoms
N(x). In contrast, a substantial electrostatic charge will be
observed at any location where the impurity atom gradient
is discontinuously reduced to zero; this charge is a con-
sequence of a built-in electric field that must be returned
to zero. From Poisson’s equation, an accumulation of
majority carriers is required to reduce to zero the electric
field arising from the impurity atom gradient, and these
majority carriers are taken from the region containing the
impurity atom gradient.
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Figure 7 Calculated characteristics for the low-doped side of an
abrupt high-low junction (silicon). This figure compares the im-
purity atom distribution used in the model of Fig. 1, the resulting
majority carrier distribution and the profile inferred from differ-
ential capacitance calculations.

Analysis

To demonstrate the computational method used in this in-
vestigation, Fig. 6 illustrates two different impurity atom
distributions that were assumed within the analytical model
(Fig. 1) and, in addition, the impurity atom distributions in-
ferred from differential capacitance calculations for the
Schottky barrier type of rectifying contact. For all practical
purposes, in these examples the differential capacitance
technique provides an accurate method for establishing the
impurity atom distribution in semiconductor material; the
impurity distributions shown in Fig. 6 produce a negligible
electrostatic charge and hence n(x) = N(x).

Next, let us consider a situation in which the differential
capacitance method is not applicable. Figure 7 illustrates
both the assumed impurity atom distribution and the
distribution inferred from differential capacitance calcula-
tions, applying the same computational methods as were
used in the calculations for Fig. 6. In this example (Fig.
7), the semiconductor material is assumed to contain
a high-low junction (10'® to 10" atoms/cm?® and the
differential capacitance calculation is taken from the low
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Figure 8 Calculated characteristics for the high-doped side of an
abrupt high-low junction (silicon). This figure compares the im-
purity atom distribution used in the model of Fig. 1, the resulting
majority carrier distribution and the profile inferred from differ-
ential capacitance calculations.

conductivity side. Inferred from these differential capaci-
tance calculations is an increasing impurity atom density
(with an increasing distance from the test junction), starting
at a distance of approximately 60 u from the high-low
junction. This inferred impurity atom distribution is
erroneous because the mathematical model used for these
differential capacitance calculations (Fig. 7) contains a
constant impurity atom density of 10" atoms/cm? through-
out the entire region under consideration.

In the example of Fig. 7, the impurity atom profile in-
ferred by these differential capacitance calculations is
guantitatively equal to the mobile carrier distribution
within the space-charge region of the particular high-low
junction under consideration. This conclusion has been
computationally verified for numerous types of high-low
semiconductor junctions and for numerous abrupt high-
low junctions containing a wide range of impurity atom
densities on each side of the structure. Furthermore this
conclusion is consistent with Eq. (8), which is applicable
to regions of semiconductor material not exhibiting charge
neutrality.
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Figure 9 A comparison between the impurity atom distributions
assumed in the analytical model (Fig. 1) and the distribution in-
ferred from differential capacitance calculations.

In contrast with the calculations shown in Fig. 7, Fig. 8
illustrates the differential capacitance inferred profile on
the high-conductivity side of an abrupt high-low semi-
conductor junction. The results of this calculation are
consistent with both Eq. (8) and the computations illus-
trated in Fig. 3. The differential capacitance inferred im-
purity atom density (Fig. 8) starts to decrease at a distance
of 8.0 u from the semiconductor junction; the actual im-
purity atom density within this model is constant, being
maintained at 1013 atoms/cm?®. Furthermore, this inferred
impurity atom density is in quantitative agreement with
the calculated mobile electron density within this region
of the device.

In Fig. 9, as in Figs. 7 and 8, the impurity atom distri-
bution inferred from the differential capacitance calcula-
tions is quantitatively equal to the distribution of mobile
charge carriers associated with the electrostatic double-
layer of the structure. In this example (Fig. 9), the double-
layer is attributable to a discontinuous change of impurity
atom gradient within the mathematical model.

Figures 7 and 8 illustrate that the error associated with
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Figure 10 Calculated characteristics for the low-doped side of
an abrupt high-low junction (silicon). This figure compares the
impurity atom distribution used in the model of Fig. 1, the result-
ing majority carrier distribution and the profile inferred from
differential capacitance calculation. The test junction was located
100 p from the high-low junction.

a differential capacitance inferred impurity atom profile is
directly related to the electrostatic charge existent within
the region under investigation. In the vicinity of a high-low
junction, differential capacitance calculations can indicate
an impurity atom density that is either greater (low-doped
side) or smaller (high-doped side) than the one actually
present. A further illustration of this error is shown in Fig.
9, where differential capacitance measurements would indi-
cate an impurity atom density that is too large in one region
and too small in another region of the same structure.
The computations shown in Figs. 7, 8 and 9 illustrate
the errors associated with the differential capacitance tech-
nique when applied to semiconductor material containing
an electrostatic charge. In a practical situation, it must be
assumed that the impurity atom distribution is unknown,
and therefore one cannot determine the electrostatic charge
distribution in a given sample of silicon. One approach to
this problem is to assume that the material under investiga-
tion contains an abrupt high-low junction, and from Fig.
4 determine the space-charge width on each side of this
assumed junction. From this width, the maximum error
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associated with an actual differential capacitance experi-
ment can be estimated.

Aside from the error arising when n(x) # N(x), it has
also been stated that incomplete mobile carrier depletion
from the test junction space-charge layer represents another
source of error. To eliminate this difficulty the calculations
shown in Figs. 7, 8 and 9 were based upon an assumed
semiconductor thickness of about 200 u on the low-doped
side. In contrast, Fig. 10 illustrates a recomputation of
Fig. 7 except that the thickness of the semiconductor ma-
terial is assumed to be only 100 u on the low-doped side.

In Fig. 10 two sources of error are exhibited by the im-
purity distribution inferred from these differential capaci-
tance calculations. First, at small values of applied voltage
(small penetration of the junction space-charge layer) the
test junction space-charge layer is not adequately depleted
of mobile charge carriers; this error is eliminated at a
space-charge layer penetration of about 90 y from the semi-
conductor surface. Second, the high-low junction intro-
duces the same type of electrostatic charge as that shown
in Figs. 3 and 7 and therefore, after suitable penetration of
the test junction space-charge layer, the differential capaci-
tance calculation establishes the distribution of mobile
electrons, not the distribution of impurity atoms.

The authors recognize that the foregoing computational
examples (Figs. 7-10) are based upon impurity atom
densities not frequently used in the fabrication of semi-
conductor devices. The small impurity atom densities used
in these examples are intended to emphasize the errors asso-
ciated with the differential capacitance technique rather
than to provide quantitative information for any specific
semiconductor doping level. Furthermore, these examples
suggest possible errors in published work on the evaluation
of doping profiles introduced into semiconductor material
by ion implantation.

It has been reported that 20 kV implantations on high-
resistivity silicon (20 to 50 k 2-cm) resulted in a deep pene-
tration of donors;?! this is suggested to reflect a basically
different mechanism determining the distribution of im-
planted ions. Furthermore it is reported that the profiles
upon which this conclusion is based were determined by
differential capacitance techniques (using a Schottky
barrier) upon silicon samples approximately 100 u in width
(or less). It is for this reason that Fig. 10 is presented here.

Figure 11 presents a comparison between the mobile
carrier distribution inferred from differential capacitance
calculations and Fig. 1 from the referenced publication on
ion implantation.?! In these calculations (Fig. 11), an abrupt
high-low junction was assumed in the mathematical model,
and the high-doped side of this junction was maintained at
the reference doping level used in these implantation experi-
ments (10! atoms/cm?®). On the low-doped side of this
mathematical model, the impurity atom density was
selected to obtain adequate agreement between experiment
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Figure 11 A comparison between the measured doping profile
arising from ion implantation experiments (Fig. 1 of Ref. 20) and
the results of differential capacitance calculations for an abrupt
high-low junction.

and the theory presented here. This agreement was ob-
tained with an assumed impurity atom density of 4.0 X 101
atoms/cm?®, which is substantially the same as the published
value (about 1.0 to 2.0 X 10! atoms/cm®). It should be
noted that the experimental data shown in Fig. 11 were
reported to have been obtained upon silicon slices with
thickness ranging between 25 and 120 u; the computed
results shown in Fig. 11 are based upon an assumed slice
thickness of 100 .

From this mathematical investigation, and from Fig. 11,
it is suggested that the inferred deep donor penetration due
to ion implantation is a consequence of errors attributable
to the differential capacitance measurement. Figure 11 sug-
gests that this implantation is sufficiently shallow to be con-
sidered an abrupt high-low junction, and that the differen-
tial capacitance measurement establishes the mobile carrier
distribution associated with this type of structure, rather
than the doping profile. Furthermore Fig. 10 indicates that
by using a Schottky barrier in conjunction with a narrow
slice of silicon, incomplete depletion of the test junction
space-charge layer may be introducing additional errors in
the interpretation of the data shown in Fig. 11.

KENNEDY, MURLEY AND KLEINFELDER

Conclusions

This investigation shows that differential capacitance
measurements of an impurity atom profile are applicable
only to regions of semiconductor material that are nearly
charge-neutral. An analysis of this technique shows that
differential capacitance measurements establish the distri-
bution of majority carriers rather than impurity atoms; the
two distributions (majority carriers and impurity atoms)
are equivalent only in regions exhibiting charge neutrality.
Although complete charge neutrality is not likely in semi-
conductor material containing an inhomogeneous distribu-
tion of impurity atoms, little error should result from
measurements of material containing an impurity atom
density in excess of 10'® atoms/cm?.

Little can be said concerning the applicability of this
measurement to material containing a small impurity atom
density. If the impurity atom profile were known, calcula-
tions could be performed to determine the resulting electro-
static charge distribution; thereby the applicability of
differential capacitance measurements could be established.
In most practical situations the impurity atom distribution
is unknown and, furthermore, a detailed knowledge of the
impurity atom distribution would eliminate any need for
performing these differential capacitance measurements.
At this time there is no known method whereby information
obtained from differential capacitance measurements of
low-doped material could be used to establish the impurity
atom distribution. For this reason, differential capacitance
inferred impurity atom distributions should be placed in
question when the doping level is below approximately
1016 atoms/cm?,

A possible consequence of this situation is demonstrated
by comparing the measured and calculated doping profiles
arising from ion implantation experiments into high-
resistivity silicon (Fig. 11). The measured doping profile
indicates a penetration depth far in excess of existing
theoretical information on ion implantation. In contrast,
calculations indicate that the measured doping profile is in
substantial agreement with the theoretical electron distri-
bution for an abrupt high-low semiconductor junction. It is
therefore suggested that the observation of deep donor
penetration in these experiments is a consequence of errors
attributable to the differential capacitance measurement.
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