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The mid-infrared reflectance and transmittanoe of boron
implanted, laser annealed silicon was measured. A Drude model
of free holes was used to obtain the dielectric constant of
the implanted layer, A least squares adjustment of 1) the
ratio of boron concentration to effective hole mass and 2)
the relaxation time gave a fairly good fit to the data and
permitted determination of these parameters,

I. INTRODUCTION

The development of laser annealing of ion implanted semi-
conductors has allowed the fabrication of surface layers of
heavier doping than has heretofore been possible (1). Since
this technique has been applied successfully to produce solar
cells of increased efficiency (2), it is of interest to exa-
mine the optical properties of these ion implanted materials.
In the present work the mid-infrared reflectance and transmit-
tance spectra of boron implanted, laser annealed samples have
been measured. These spectra were analyzed on the basis of
the Drude theory to obtain approximate values of the relaxa-
tion time for hole scattering.

TT EXPERIMENTAL MEASUREMENTS

Samples of pure silicon were cut into wafers measuring 10 x
7 x 0.75 mm. These were implanted with 35 keV boron ions to
doses of 0, 1 x 1014, 3 x 10 1 4, 1 x 1015, 3 x 1015, and 1 x
10^6 ions/cm^. They were annealed with a single pulse of
energy -1.7 J/crn̂  and duration ~40 ns from a Q-switched ruby
laser.
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FIGURE 1. Tranmittanae and reflectance spectra of boron
implanted, laser annealed silicon. Implant doses in ions/cnfi
are a) 1 x 1014, b) 3 x 1014, c) 1 x 1015t d) 3 x 10

15, and e)
1 x 1(P-G ions/cn?. T!he spectra of an unimplanted sample is
virtually indistinguishable at these wavelengths from the
sample implanted with 1 x lO*4 ions/en?.

Reflectance and transmittance spectra in the wavelength
range of 2.5 to 20 microns were measured using a Digilab Model
FTS-20 Fourier transform spectrometer. All measurements were



made for approximately normal incidence. The measured reflec-
tance and transmittance are shown in Fig. 1. The dip visible
at approximately 15 microns is from second order absorption in
the underlying pure-silicon bulk due to the silicon optic
mode. The nearby structure is due to other silicon phonons.
(First order lattice absorption is forbidden in silicon.)

III. ANALYSIS OF RESULTS

A, The Drude Theory of the Dieleetvie Constant

The presence of the boron ions substituting for silicon
leaves holes in the valence bands. In the Drude theory (3) of
electrical conductivity these holes give rise to a complex
dielectric constant of the form

g - E 4irNe2 T 2 , 2
e eco m* (i+a)2T2) " m*co ( 1 + a J2 T2)

where £,» = dielectric constant due to the core electrons, N =
hole concentration, m* = effective hole mass, w = angular fre-
quency of light, and x = relaxation time.

The complex refractive index is

n = n + iK = £ 1 / 2 , (2)

and from Maxwell's equations the propagation of light in the
dielectric medium is given by

E = Eo exp i (nk-r-wt). (3)

Given the refractive index, the reflection and transmission
coefficients may be calculated according to well-known proce-
dures for thin films (4).

It is possible that there is internal reflection within
the region where the boron concentration is decreasing with
depth. However, the fact that the boron concentration
decreases gradually with depth reduces the reflection at the
interface between the doped and undoped regions from that
expected of a sharp interface (5). The reflectivity data show
none of the structure that might be expected to result from
reflections at this interface. Hence, in deriving expressions
for the reflectance and transmittance, I assumed that reflec-
tions from this interface were unimportant.

B. Results of the Fit

The procedure in analyzing the experimental data



is as follows: 1) Assume a transition probability per
second, w (equal to 1/T) and a value of the ratio of the con-
centration to effective hole mass, N/m*; 2) calculate the
refractive index n = n + i< of the implanted layer as a
function of the light frequency, ta, on the basis of the Drude
theory; 3) using these values and the refractive index of pure
silicon calculate the reflection and transmission coeffi-
cients; 4) adjust w and N/m* to give the best least squares
fit to both data sets simultaneously.

As an example of the results, the sample with a boron
implant dose of 3 x 10 1 5 ions/cm^ is shown in Fig. 2. For
clarity only one third of the experimental points are shown.
The solid lines show the theoretical curve with the best fit
parameters.
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FIGURE 2. Experimental values (circles) and theoretical
fit (solid lines) for the silicon sample implanted with 3 x
lO*5 boron ions/en?. For clarity, only every third experimen-
tal point is shown.

The fit was found to be fairly good for all five samples,
although it became progressively worse with increasing dose.
I considered various other possible contributions to the
dielectric function in hopes of improving the fit. These
contributions included such effects as interband absorptions,
resonant hole-phonon interactions, scattering by acoustic pho-
nons, and reduction in the core susceptibility. None of these
resulted in a significant improvement in the fit. Thus the
simplest model, that of the Drude free hole theory with a



scattering probability independent of the frequency of the
incident l ight, seems to be the most suitable in interpreting
the data.
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FIGURE 3. Transition probability/sec, w, for scattering,
(left hand scale) and concentration/effective hole mass (right
hand scale) vs boron implant dose. The quantity p* is m*/me
where m* is the effective hole mass and me is the miss of an
electron. The solid line is the best straight line through
the values of N/p**

The parameters so determined are shown in Fig. 3. The
scale on the left shows the scattering probability/sec, and
that on the right shows the concentration to effective hole
mass ratio expressed as N/p* where p* = m*/me, and m* is the
effective hole mass, and me is the mass of an electron. As is
seen, the scattering probability is independent of implant
dose. The straight line shown in Fig. 3 is the best fit graph
to N/p* vs implant dose. The slope of the line was found to
be 0.833 ± .023. This result suggests that the concentration
of holes that affect the optical properties of these samples
rises slightly less rapidly than the implant dose. Electrical
measurements (1), on the other hand, have suggested that the
concentration of electrically active boron rises faster than
the implant dose. A more accurate treatment of reflection from
the internal interface, which will soon be undertaken, might
reduce this slight discrepancy.



IV. CONCLUSION

The optical constants of heavily doped semiconductors are
normally determined using a Kramers-Kronig analysis of the
reflectivity of the sample (6). This procedure requires care
since it is more difficult to make accurate measurements of
reflectivity than transmissivity. With ion implanted, laser
annealed samples, however, the implanted layer is sufficiently
thin that an adequate amount of light may be transmitted
through the sample in spite of very heavy doping. Thus, the
more accurate transmissivity measurements are possible, and
these in conjunction with reflectivity measurements allow a
determination of the optical constants without using the
Kramers-Kronig analysis. A disadvantage of the present tech-
nique is that uncertainties are introduced by the existence of
the gradually changing dopant concentration at the internal
interface.

These results indicate that the Drude theory provides a
fairly good, although not perfect, accounting for the changes
in the optical properties of silicon with doping level. Thus,
the simple theory may be used with reasonable success to
describe the optical interactions even in very heavily
implanted samples.
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