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The wavelength dependence of the photoionization cross section for deep,
semiconductor impurity centers, e.g., In doped Si, is calculated using a
model in which the ground state wave function is determined solely by a

suitable short range ion core potential.

Absorption to excited states is

explained by a long range, unperturbed coulomb potential.

THE WAVELENGTH dependence of the photo-
ionization cross section is determined by the
potential which binds the charged carrier to the
atomic system. For shallow semiconductor
impurity states, one would expect a calculation
based on a coulomb potential to give a good des-
cription of the experimental photoionization data.
For deep centers, where the hydrogen model is
known to be inadequate, significant deviations
from the hydrogenic (or coulomb potential) cross
section are anticipated. Figure 1 indicates the
wavelength dependence of the calculated hydrogen
model cross section® along with normalized ex-
perimental data for B, Al, Ga and In doped Si*3
The curves for shallow (e.g., B) as well as deep
(e.g., In) centers show significant deviations
from the calculated curves. The experimental
data indicate relatively more absorption at
higher photon energies, » w/E; >2, where Ej

is the measured jonization energy. The maxi-
mum value of the cross section does not occur
at the ionization limit #w/Ej = 1, as predicted by
the hydrogen model but is displaced to higher
photon energies. These differences, which be-
come more pronounced as the ionization energy

of the center increases (Eg=0.045 eV, E5;=0. 057,

EGa = 0.065 eV, Eq, = 0.15 eV), are attributed
to large deviations from an exact coulomb poten-
tial (V ~ -1/r) in the vicinity of the impurity ion
core®,

For a deep center such as In doped Si, it
is possible to perform a simple calculation to

determine the photoionization cross section. The
cross section calculation is based on a model in
which the ion core potential rather than the
coulomb potential, is responsible for the ob-
served ground state binding energy. Any long
range coulomb effects are neglected. To sim-
plify the algebra, the core potential is assumed
to be a delta function, the strength of which is
determined by the observed binding energy. As
has been shown in the calculation of the deuteron
photodissociation cross section,* the exact form
of the short range potential used in the model
does not affect the wavelength dependence of the
cross section but affects only the magnitude to

a small extent. The normalized ground state
wave function for the delta function well is given

by
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where o is related to the observed binding en-
ergy, E; and the effective mass, m* by the
relationship
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The final state is represented by a superposition
of plane wave states corresponding asymptotic-
ally to an outgoing plane wave and an incoming
spherical wave. The interaction with the photon
field may be treated semi-classically.

aQ =

The expression for the cross section

*This work was supported by the Office of Naval Research under contract Nonr - 4848 (00).
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FIG. 1

Plot of hydrogen model photoionization
cross section compared with normal-
ized experimental curves for B, Al, Ga
and In doped Si.

o(? w), derived in the dipole approximation using
time dependent perturbation theory,* is given
by
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where n is the index of refraction and Egft /Eq

is the effective field ratio® for the radiation in-
ducing the transition. The function in Equation
(3) rises from zero at »w= Ej, has a maxim

at # w= 2E; and falls off approximately as aw ¥?>
for rw > Ej. This is to be contrasted with the-
hydrogen (coulomb potential) model cross section
which has 2 maximum at » w= E{ and falls off
approximately as aw™° for tw > Ej. Figure 2
contains a normalized plot of the wavelength de-
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FIG. 2

Plot of ¢ function model photoioniza-
tion cross section compared with ex-
perimental data for In doped Si.

pendent part of the calculated cross section
along with experimental data for In doped Si°
The fit has been made assuming an impurity
binding energy of 0.15 eV. This is within 7% of
the quoted thermal activation energy. The agree-
ment is satisfactory with regard to the magni-
tude of the cross section as well as the wave-
length dependence (Fig. 2). In fitiing the magni-
tude of the cross section, the effective field
ratio is found to be of the order of 2.5 which is
consistent with the measured index of refraction
for Si. R is interesting to note that the relative
quantum spectral response of many deep center,
extringic Ge® and Si” photoconduetors also
shows a maximum at a photon energy equal to
approximately twice the ionization energy in
agreement with the delta function calculation.

The delta function (or zero range model)
which neglects long range coulomb effects, does
not account for the observed cross sections of
B, Al, and Ga doped Si. For these more loosely
bound centers, it is necessary to perform a more
exacting calculation; e.g., the binding potential
may be taken as a short range square well with
a long range coulomb tail. The photoionization
calculation is inherently difficult due to-the
orthogonality requirements imposed on the final
state free particle wave functions. As is well
known from the calculations of the photoioniza-
tion cross sections of atomic gases®, this type
of potential model, which takes proper account
of the ion core, will give a cross section show-
ing increased absorption at higher photon ener-
gies and displaying a maximum value at a photon
energy bétween tw = E; and 2w = 2E;4,

Returning to the delta function approxi-
mation, it is informative to make some comments
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concerning the behavior of the oscillator
strength. If Equation (3) is rewritten as

o(hu) =3 (Eeff)’ e [Fow @

Eo m* ¢
then, the oscillator strength for the ground state
(1s) to continuum transition, foont; 15, is given
by the usual expression®,

fecont; 1s = 5_[1 (hw) d (rw) ()

Substitution of (3) and (4) into (5) gives the re-
sult that foont: 1 = 1. At first this result may
seem surprising; however, the delta function
approximation admits only one bound state (the
ground ls state) so that in the dipole approxima-
tion all of the oscillator strength goes into the

1s to continuum transition. I one considers a
more realistic core potential, e.g., an expon-
ential of Gaussian well, then the oscillator
strength is reduced by a factor g given by

1

B = 1-ar,

; arg <1 6)
where rq is associated with the effective scatter-
ing range of the potential. The oscillator
strength removed from the 1s to continuum tran-
sition goes into line absorption associated with
excitation from the ls state to higher lying ex-
cited states.

Absorption lines associated with transi-
tions from the ground state to excited "p-like"
states are observed in B, Al, Ga and In doped
Si% ', The energies of these excited states
relative to the edge of the valence band are
essentially independent of the nature of the dop-
ant. To calculate the oscillator strength for
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these excitation absorption lines, it is assumed
that the excited state wave functions are deter-
mined by a long range coulomb potential which

is the same for all of the singly charged centers.
This approximation is further justified by ob-
serving the p-type wave functions (or odd parity
wave functions in general) vanish identically at

r =0, so that ion core perturbations do not
strongly effect their eigenstate energies. We
compare the magnitude of the oscillator strengths
for 1s - 2p transitions for the idealized coulomb
potential and deep (&function) potential problems,
the difference involving only-the nature of the
ground state wave function. The ratio of the
oscillator strengths is approximately 150. The
relative oscillator strengths for the 1s ~contin-
uum and 1s ~2p, 3p, etc. transitions in B doped
Si agree well with a hydrogen model calculation®,
We therefore, compare the relative absorption
for ground state to excited state transitions for

B and In doped Si. The ratio of absorption con-
stants for transitions terminating in the excited
states ranges from about 80 to 200° in reasonable
agreement with the calculation. Moreover, the
fraction of the total oscillator strength in the ex-
cited state transitions in In doped Si is quite
small so that the observed line absorption spectra
is not in disagreement with the high oscillator
strength of the 1s to continuum transition.

The agreement between the calculated
and measured photoionization cross section for
deep impurity centers indicates the usefulness
of the ion-core (or zero range) potential model.
The model is also useful in describing other
properties of deep centers which are influenced
by the binding potential, e.g., the non-radiative
recombination cross section.
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Die Abhangigkeit des Photoionisation - querschnittes von der eingestrahlten
Wellenliinge, wurde fiir tiefe Halbleiter Zentren (In dotiertes Si) unter Zugrunde-
legung eines Modelles berechnet, in dem die Wellenfunktion des Grundzustandes
allein durch ein geeignetes lonen Kern Potential von kurzem Bereich bestimmt
ist. Absorbtion zu angeregten Zustanden ist durch ein ungestortes Coulomb
Potential mit weitem Bereich erklart.



