CORRESPONDENCE

smaller by a factor of two, the error would be about 20 percent.
This source of error can be diminished by making the epitaxial
base thinner. If Wz 2« 5 um, for example, uncertainties of a factor
of two in 75z would introduce only about 5 percent error.

The experimentally determined values of 7x and Qg yielded
by the method can be used to study the energy-gap shrinkage and
recombination mechanisms present in the emitter. The details
of this type of study have appeared in [15], which dealt with the
closely related problem of studying these mechanisms in solar
cells. The study involves comparing the experimentally deter-
mined values of 7z and Qg with those calculated using various
Eni)d[els] for emitter recombination and energy-gap shrinkage

1]-[10].

To make a coarse estimate of an average energy-gap shrinkage
in the emitter, one can use an expression developed in [15]: AEg
= kT In (Qro/Q%) where Q% ~ (qn?/Npp) We/In(Nwax/Npp)
and where Npp is the doping density at the edge of the emitter
space-charge region, Nyax is the maximum electron concen-
tration in the emitter, and Wz is the quasi-neutral emitter
thickness. If Npp is assumed to be about 1015 cm~3, equal to the
base doping concentration, the use of this expression gives AE
~ 77 mV, as stated in Table 1.

For determining 75 and @z of the emitter, a transistor struc-
ture has an advantage over the diode structures used in [15] and
[16]. For a short-base diode, for example, the calculation of @gg
from Qpg = (qn?Wg)/(2RT/q)N 44 requires that n; and N4 are
accurately known. This necessitates precise temperature control
during the experiments; it also involves some uncertainties about
N a4 as inferred from reverse capacitance-voltage characteristics.
For the transistor structure, however, @po = I¢corp, in which I
can be measured with great accuracy.

For some transistors, another advantage might exist in that
the quasi-neutral capacitance Cgy might dominate the total
capacitance at high temperatures. Then rqy could be determined
from a single measurement of the open-circuit voltage decay [24],
and 7g =~ 7oy if, in addition, hpg (ideal) is small.

The purpose here has been to outline briefly the method for
determining 7z and &z, and to demonstrate it with a single ex-
ample. We are now applying the method to various commercial
transistors, and detailed discussions of its range of applicability
and of the results it yields are planned for the future. We are also
adapting this method to the study of the physical mechanisms
in the emitter that are apparently responsible for limiting the
({)pe]n-circuit voltage seen in low-resistivity silicon solar cells

15].
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A Useful Method for Approximating the Profile of Ions
Implanted Through a Thin Film

T. BERNSTEIN AND A. KOLODNY

Abstract—An approximate calculation method is presented for
finding profiles of ions implanted through a thin film, based on
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standard range tables. Both the projected range and straggling in
the substrate are calculated.

Ion implantation through a thin film is used quite frequently
in semiconductor device fabrication processes. The thin film may
serve as surface passivation, to prevent out-diffusion in subse-
quent process steps, or in order to locate the distribution peak
at the interface. In some cases, the implantation is performed
through a thin metallic layer, which is later used as a contact to
the device. Such films affect the distribution profile in the sub-
strate. Our purpose is to obtain an approximation to the im-
plantation profile in such a case, to be used in design for selection
of film thickness, implantation energy, and fluence.

Often an ion implantation process step is planned assuming
a Gaussian distribution of implanted atoms in the substrate. 'The
projected range Rp and straggling ARp of the distribution s a
function of energy are taken from standard tables [1], [2], cal-
culated from LSS theory, for several combinations of ion and
substrate. A natural approach to the implantation-through-a film
problem is to convert the film to a substrate-layer of equivalent
thickness, and proceed normally with the ion-substrate combi-
nation [3]. However, such a conversion cannot account for the
fluence, projected range, and straggling of the implanted ions
simultaneously.

We take a different approach. Assuming the resulting distri-
bution to be Gaussian let us calculate each of the parameters
separately, using the standard tables.

First, the fluence into the substrate is found, noticing that the
number of ions stopped in the film is independent of what follows.
We find this number using tables for the ion-film combination,
with the original energy E¢. We then substract it from the original
fluence to find the fluence into the substrate.

Second, the average projected range in the substrate is found
in the ion-substrate table, being the range of an ion beam with
energy E;. E; is the average energy of the beam entering the
substrate after traversing the film, and it is found from the ion-
film table as follows:

1) Find the projected range R, (Eo,film) that the original beam
would have in the film material if it was infinitely thick.

2) Substract the mask thickness d.

3) Find E; as the energy required for a beam to have a
range

Rp(Eyfilm) = R, (Eo film) — d. 1)

4) If R, (Eq film) < d, the final projected range is B, (Eo,film)
itself, in the film.!

Third, we find the straggling in the substrate. Note that this
straggling must be larger than the value found in the ion-sub-
strate table for energy E1, AR, (E1,substrate), because E is orly
the average energy of the beam, which already contains the
contribution of the mask to the final straggling. Since the enerzy
of each ion is a random variable affected by many independent
collisions, the variance of the energy distribution is the sum of
independent contributions. Assuming that the specific energy
loss is constant over the energy range of ions entering the sub-
strate, the variance in energy is related to the straggling in range
by [4]:

—  dR\? =5
AR = (—E) AEZ, 2

P dE / g, 2)
This assumption is consistent with the initial one that the dis-
tribution is Gaussian. Thus the square of the straggling of a beam
in the film material must be expressible as a sum of squares:

AR, X (Eo film) = ARp2(Ey,film) + A(AR,2) ()

LIf the film thickness is larger than R, (Eo,film) the approximation
presented here does not give the straggling in the substrate. Its extension
to such cases must include higher moments.
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A(AR,?) being the contribution of the film of thickness d. The
contribution of the film to the variance in energy of the beam
entering the substrate may thus be calculated by:

i - B \2
A(AEZ) = [ARPZ(Eo,fl].m) - ARP Z(El’ﬁlm)]/ <dd[lca) .
Eyfilm

(4)
This energy variance may be reconverted to a component of
straggling in the substrate, by multiplying it by (dRp/
dE)%, subswrate- Finally, the total straggling in the substrate may
be expressed as the rms value of its components:

AR, = | [AR,2(Eq,film) — AR, %(E+,film)]

. (d}@dE)%l,substrate
(dRp/dE)%?Lfilm

— 1/2
+ AR, 2(Eq,substrate); . (5)

All the quantities in this expression appear in the range table for
the ion-film and ion-substrate combinations. The derivatives may
be approximated by finite differences.

The simplifying assumptions made here are no worse than the
initial and commonly made assumption, that the distribution is
Gaussian. The errors thus introduced are of the same order of
magnitude as those already present.

The effect of a film on the resultant profile is important
especially when its atomic number differs considerably from that
of the substrate. This effect is demonstrated by the following
numerical example: Implant 1014 cm~2 of 200 keV B¥ into a sil-
icon substrate through 1000 & of gold. 2 X 103 cm~2 remain in
the gold, the rest arrive at the interface with E; = 104 keV. The
final projected range in the silicon is 3100 A and the straggling
is 2400 A. On the other hand, if we simply say that 1000 A of gold
are equivalent to 2200 A of silicon, we arrive at the same projected
range but a straggling of only 920 A,

In the case of an implantation into silicon through silicon
dioxide the effect of the film is less important. For example, 200
keV P* through 1000 A of Si, will reach 1325 A into the substrate,
with a straggling of 730 A. An equivalent layer of 1215 A of Si
would produce a straggling of 775 A. The numerical values in
these examples have been taken from [1].

REFERENCES

[1] J. E. Gibbons, W. S. Johnson, and S. W. Mylroie, Projected Range
Statistics, 2nd ed. Dowden, Hutchinson and Ross, Inc. 1975. Dis-
tributed by Halsted Press.

{2] R.B. Winterbon, Ion Implantation Range and Energy Deposition
Distributions, vol. 2, New York: IFE/Plenum Data Co., 1975.

[3] J. W. Mayer, L. Eriksson, and J. A. Davies, Jon Implantation in
Semiconductors, New York: Academic Press, 1970.

{4] J. Lindhard, M. Scharff, and H. E. Schigtt, Kgl. Dan. Vidensk. Selsk.
Mat. Fys. Medd., vol. 33, no. 14, 1963.

Nondestructive Determination of the Depth of Planar
p-n Junctions by Scanning Electron Microscopy
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Abstract—A method was developed for measuring nondestruc-
tively the depth of planar p-n junctions in simple devices as well
as in integrated-circuit structures with the electron-beam induced
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