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The lifetimes of excitons bound to neutral donors in GaP and Si were measured to be
much shorter at low temperatures than predicted from absorption measurements. An
Auger recombination process in which one bound electron recombines with the bound hole
while exciting the second bound electron into the conduction band is believed to predomi-

nate over radiative recombination.

The so-called C line in the luminescent spec-
trum of GaP arises from the radiative recom-
bination of an exciton bound to a neutral donor
believed to be sulfur.’? From absorption mea-
surements on the line on crystals of known
S concentration! the cross section integrated
over the emission frequencies was found to
be 7x1072 cm™2 eV, accurate to about a fac-
tor of 2.3 Since the C line is a resonance line,?
the radiative lifetime 7 can be found from de-
tailed balance using

§_7T_n__1f dv, (1)
where g, =2 is the degeneracy of the neutral

S donor state, g,=4 is the degeneracy of the
state representing the exciton bound to the neu-

tral S donor,2 x =5367 A (1.6°K) is the wavelength,

n =3.47 is the index of refraction, and [odv is
integrated cross section. Equation (1) then
yields a predicted radiative lifetime of 11 usec.
We have measured the decay lifetime of the
C line at low temperatures (1.6 and 4.2°K) where
thermal ionization of the center is negligible,
using pulsed electron-beam excitation described
previously.* It was found to be 21+ 4 nsec,
which is about 500 times shorter than the pre-
dicted value.

Several possible explanations of this absorp-
tion-emission discrepancy are conceivable.
(1) Another impurity, or perhaps interstitial
or paired S atoms, are present in the crystals
at a concentration of 1/500 of the substitution-
al S concentration and the C line is really as-
sociated with that impurity. [Zeeman data®®
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show that any such impurity must be a donor.]
(2) There is radiation at other frequencies than
those considered so far which decreases the
lifetime. (3) The dominant decay is nonradia-
tive.

Many crystals, grown by a variety of tech-
niques and doped with S both intentionally and
unintentionally, have been studied in emission
and absorption and have given consistent results.
The involvement of a second and uncontrolled
impurity thus seems highly unlikely. Involve-
ment of interstitial S atoms as the binding cen-
ters is also unlikely since this hypothesis would
create the problem of why we do not observe
a much stronger “C line” which would be as-
sociated with substitutional S atoms. Paired
S atoms can be ruled out by the Zeeman data,?®
which indicate that the binding center is a point
defect. The second possibility —the presence
of radiation at other frequencies—can be ruled
out because of the weakness of the phonon-as-
sisted satellite lines of the C line. These vi-
bronic transitions have been observed in absorp-
tion' and emission® and found to have an inte-
grated strength of only 6%° of the C line and
so cannot explain the huge discrepancy in the
detailed balance calculation of Eq. (1).7

We conclude that the decay of this bound-ex-
citon complex proceeds mainly by a nonradia-
tive process. This complex consists of a pos-
itively charged S atom on a P site to which are
bound two electrons and one hole. Radiative
recombination of one of the electrons with a
hole yields a photon at the C-line frequency.
We believe a much more probable recombina-
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tion mechanism is an Auger process in which
one of the electrons and the hole recombine
giving their energy to the second electron, which
is freed into the conduction band and dissipates
its excess kinetic energy through collisions
with the lattice.

The theory of the relative probabilities of
the Auger and radiative processes has many
similarities to the calculation of the internal
conversion coefficient of nuclear physics.® Thus
a rough estimate of the ratio of the probabili-
ties of the Auger process to the radiative pro-
cess can be obtained from the internal conver-
sion coefficient @, as adapted to the present
situation. For electric dipole radiation,

a =4/(ayk)’ka, (2)

where a factor of 3 has been introduced to ac-
count for there being only one electron to which
energy can be coupled (rather than the two K
electrons of the internal conversion problem).
Here ag=%%¢/m;*e? is the Bohr radius altered
to include the dielectric constant € of the crys-
tal and the effective mass m;* of the electron
in its initital state, a =%%%/m*e2, where mf*
is the effective mass of the Auger electron,
b [me*w/i'”t]”2 is the approximate wave num-
ber of the Auger electron, and k=wn/c is the
wave number of the light quantum from the ra-
diative process. Therefore,

W/Z_Cm,* 3 1 7/2 ez 4mf*1/2
]
() @) 7%= e

For the exciton bound to the neutral S donor
in GaP, w=3.51%x10" rad/sec, €=10.2, n=3.47,
and we estimate m;*=~0.25m and mf*zmo.
Therefore o =1200, which is in reasonable agree-
ment with the absorption-emission discrepan-
cy figure. Since the assumptions in the deri-
vation of Eq. (2) are not wholly applicable to
the problem at hand, this agreement must be
regarded as somewhat fortuitous. However,
it seems clear from this calculation that the
Auger process will predominate over the radi-
ative one in this bound-exciton complex in GaP.
A number of calculations of Auger process-
es in solids have been made previously. Some
have considered three free carriers®; some,
two free carriers and one bound carrier'®~2;
some, one free carrier and two bound carri-
ers'?~!%; some, three bound carriers!®™'"; and
some, one free exciton and one bound carri-
er.!® Two of the calculations!®!® apply to ex-
citons bound to F centers in alkali halides.

Khas'” considered excitons bound to neutral
donors or acceptors in semiconductors. His
detailed results apply to excitons bound to filled,
acceptorlike, Cu-ion vacancies in Cu,0. He
found that the Auger process in this case should
be 10° times stronger than the radiative pro-
cess. Since his detailed formulas apply to for-
bidden direct processes, they are not applica-
ble to GaP.

Other experimental results on GaP support
our interpretation. First, it is known that lu-
minescence from either donor-acceptor pairs*®
or excitons bound to isoelectronic traps® in
GaP can have near unit quantum efficiency at
low temperatures and low doping levels. This
is possible since the Auger process proposed
here cannot occur for either of these lumines-
cence mechanisms. On the other hand, the
C-line luminescence, which must compete with
the Auger process, is very inefficient. We
have measured its quantum efficiency in pho-
toluminescence at 4.2°K in a number of crys-
tals to be one part in 700+ 200. This agrees
with the ratio of the measured decay time of
the C line to the calculated radiative lifetime
from Eq. (1). Since light of photon energies
greater than the band gap energy was used for
the quantum efficiency measurements, this
agreement also indicates that the Auger pro-
cess is the dominant recombination process
in these crystals at low temperatures. A sec-
ond source of support for our interpretation
comes from the observed ability of the recom-
bination process to couple energy to the remain-

ing electron. This is demonstrated by the ob-
servation® of radiation on the low-frequency
side of the C line which is not simply phonon-
assisted C-line emission. A group of weak
emission lines are observed which results from
bound-exciton recombination with the simulta-
neous elevation of the second electron to any
of several excited states of the S donor. At
still lower frequencies a broad, weak continu-
um of emission is observed corresponding to
the excitation of this second electron into the
conduction band.

Since these partially radiative processes have
no corresponding absorption under normal ex-
perimental conditions, their effect on the cal-
culated radiative lifetime was not considered
in Eq. (1). We have measured in emission the
strength of the discrete lines and the continu-
um for the first 0.1 eV toward lower energy.

If we assume the continuum to then remain at
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a constant level down to zero frequency, the
predicted radiative lifetime of the bound-exci-
ton complex is reduced only by a factor of 2.
Though this should be a large overestimate,

it is far from explaining the absorption-emis-
sion discrepancy of 500.

Clinching proof of the existence of the sim-
ple Auger process would come from the detec-
tion of the electron ejected into the conduction
band. This would be indicated by the observa-
tion of the C line as a peak in the photoconduc-
tivity spectrum at a temperature low enough
that thermal ionization of the bound-exciton
complex into current carriers would be exceed-
ingly improbable. For such a C-line peak to
be observable, it must be comparable with back-
ground photoconductivity due to valence-band—
shallow-donor and acceptor-conduction-band
transitions. For the latter processes the de-
fect center which must recapture the free car-
rier will usually be an uncharged center and
thus lead to a substantial lifetime. The Auger
electron released subsequent to absorption in
the C line, on the other hand, will be recaptured
by a charged S atom and so have a short life-
time. It thus seems unlikely that a C-line pho-
toconductivity peak will be observable at low
temperatures. Experiments aimed at its ob-
servation at 4.2°K have borne this out. Its pre-
vious observation at 77°K?? is not relevant here
since thermal ionization is very important at
that temperature.

We have performed measurements on As-
doped Si analogous to those reported here for
GaP. From absorption measurements on the
resonance line belonging to an exciton bound
to a neutral As atom, a radiative lifetime of
750 psec is predicted from Eq. (1). In calcu-
lating this we have used A =1.078 pu, n =3.56,
£,=2, and g,=4, and have multiplied the inte-
gral over the resonance line by 3.2 to account
for the ratio of vibronic to electronic transi-
tions in the emission spectrum. The decay

- time of the resonance-line light was measured
to be 0.08 usec. This yields an absorption-
emission discrepancy of 9400 which we inter-
pret as due to the predominance of Auger re-
combination. The quantum efficiency of the
bound-exciton complex was measured to be
one part in 4000, in substantial agreement with
the lifetime ratio. With € =11.7, m;*=0.25mq,
and mf*zmo, Eq. (3) predicts the ratio to be
7900, again in good agreement with experiment
and in support of the Auger-recombination in-
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terpretation.

We believe that the Auger-recombination mech-
anism discussed here should predominate in
the decay of excitons bound to neutral donors
or acceptors for a wide variety of semiconduc-
tors, since no use here has been made of prop-
erties unique to GaP or to Si.

We wish to thank W. F. Flood for performing
the Si absorption measurements and C. H. Hen-
ry and D. K. Wilson for stimulating conversa-
tions concerning this work.
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Sum and difference frequency generation are observed when visible laser light is mixed
in GaP with each of five infrared laser frequencies near the reststrahl. The measured
infrared frequency dependence of the nonlinear susceptibility, which varies by a factor

of 60, is accounted for by theory.

We have observed radiation at sum and dif-
ference frequencies upon mixing infrared and
visible laser light in a GaP crystal. The mix-
ing was observed for five different infrared
(IR) laser frequencies (211.6, 303.7, 353.7,
357.5, and 428.0 cm™!) lying near the lattice
resonance (reststrahl) at 365 cm™!. This en-
abled us to measure for the first time the vari-
ation of the nonlinear susceptibility as the in-
frared frequency passed through the reststrahl
region. By making use of the relationship be-
tween spontaneous Raman scattering and fre-
quency mixing, we have been able to account
theoretically for the IR frequency dependence
of the nonlinear susceptibility.

A Cassegrainian optical arrangement was
employed to bring a 6328-A He-Ne laser beam
and the IR beam to a common focus on the sur-
face of a room-temperature GaP crystal. The
visible laser produced 150 to 300 mW, and the
time-averaged powers in the IR laser lines
were approximately 0.17 mW at 211.6 cm™?,
0.43 mW, at 303.7 cm™!, 0.04 mW at 353.7
cm™! 5.7 mW at 357.5 em™?, and 1.1 mW at
428.0 cm™!. Both laser beams were limited
to narrow cones about the 110 axis. We observed
the light scattered in the forward 110 direction
with a 2-meter Bausch and Lomb spectrograph,
using both photography and gated photon count-
ing (IR-synchronous) to record the intensities.
The IR powers were measured with a Golay
cell and a thermopile roughly calibrated for
30-u radiation.

Figure 1(a) shows the dispersion curves for
the IR-frequency waves which can propagate
in a GaP c¢rystal. Near the lattice resonance,

at w,=365 cm™?, the transverse waves have
both photon and phonon character. They are
known as polaritons.! This experiment is an
outgrowth of a previous one in which the polar-
iton dispersion curve was plotted out experi-
mentally from w, to 307 cm™* by the observa-
tion of spontaneous Raman scattering by polar-
itons.?® Frequency mixing can be viewed as
spontaneous Raman scattering by polaritons,
enhanced by increasing the population of some
of the polariton modes at the IR frequency.
Raman scattering and frequency mixing near
the reststrahl involve the same nonlinearity
parameters. We shall make use of this when
we compute the frequency dependence of the
nonlinear susceptibility.

Figure 1(b) is a densitometer trace of a plate
showing the spectrum of the light forward scat-
tered along the 110 direction. Peaks A, B,
and C are due to spontaneous Raman scatter-
ing: A, forward scattering by the LO phonons;
B, backward scattering by large wave-vector
polaritons, accidentally observed because of
crystal surface reflections; C, forward scat-
tering by polaritons. Peak C occurs at the
matching frequency where the wave-vector
mismatch Ak= IEL—ES—EHO. Here EL’ ES’
and q refer to the visible laser wave, the scat-
tered wave, and the polariton, respectively.
The peak is broad because the matching fre-
quency changes with the scattering angle 6 be-
tween IEL and ES; the collecting optics accept-
ed a cone of scattered light with 0°<6<0.8°.
The lines labeled by frequencies were present
only when the IR laser was operating. The in-
tensities of these lines I(ws) ranged over more
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