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tirely due to bulk resistance. No phase change
could be observed in any specimen, with the
phase-sensitive detector, indicating an absence
of measurable resistance. This was further con-
firmed by driving the cavities in higher harmon-
ics. A finite bulk resistance caused by the field
would result in a larger decay for the frequency-
dependent thermal wave, and the reduction in the
transmitted amplitude would be enhanced. This
too could not be detected. From several inde-
pendent estimates we were able to conclude that,
even for the thickest samples, the bulk contribu-
tion could not exceed 10%. Our final conclusion,
therefore, is that the main reason for the varia-
tion in energy flow is a change in A, K caused by
the electrons.
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An ellipsometer has been used with picosecond pulses to measure the time evolution of
optically generated plasmas in intrinsic Ge. By measuring the change in optical elliptic-
ity of a weak probe beam following the absorption of an intense excitation pulse, the time
evolution of the plasma density can be determined with a precision of a few picoseconds.
At a density of 1.7 X10 cm 3, the ambipolar diffusivity of the plasma was observed to be
a factor of 3 greater than the low-density value, consistent with a simple theoretical mod-
el of diQusion in the degenerate regime.

In this Letter we report measurements on op-
tically generated electron-hole plasmas in ger-
manium using a new technique which combines
ellipsometry and optical picosecond pulses to
measure small changes in index of refraction
(5n/n &10 ') on a picosecond time scale. The
physical properties of semiconductor plasmas

produced by interband optical absorption have
been measured previously by a number of tech-
niques, including infrared' and millimeter-wave
ref lectivity' and free-carrier absorption. ' The
ellipsometric technique allows a direct time-re-
solved measurement of the plasma contribution
to the optical refractive index. In addition, both
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the magnitude and sign of the real and imaginary
parts of the dielectric response can be deter-
mined.

We have used picosecond optical pulses for
both generation and probing of the plasma. By
introducing a variable delay between excitation
and probing, the transient properties of the plas-
ma can be measured with a temporal precision
limited only by the optical pulse duration. Also,
the use of intense single picosecond pulses per-
mits the generation of extremely high plasma
densities, making possible the study of transport
properties in the degenerate regime in high-pur-
ity material on a time scale where recombination
is negligible. Since the ellipsometric technique
involves a reflection from the crystal surface,
its sensitivity is limited to changes in the optical
constants within a fraction of a wavelength of the
surface. We have utilized this property to study
the diffusive transport of degenerate plasmas by
observing the time decay of the surface density
as the plasma diffuses into the bulk following its
generation in a thin layer near the surface.

Figure 1 is a sketch of the experiment. The
ellipsometer consists of two polarizing prisms
(commonly referred to as the "polarizer" and
"analyzer" ), and a quarter-wave plate (fast axis
at 45 to horizontal). The germanium crystal
was situated as in Fig. 1 so that the probing beam
was reflected from a polished face at an angle,
cp (in all of our measurements, y = 70 ). The
crystal was an intrinsic sample of room-temper-
ature resistivity 40 0 cm whose (111)face was
cut and polished with a standard siton etch, a
procedure known to produce reliable measure-
ments of the linear optical constants by conven-
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FIG. 1. Picosecond ellipsometer used to measure the
time evolution of optically generated electron-hole plas-
mas in Ge. The zero time reference ~as determined
by second-harmonic generation of the excitation and

probe pulses in reflection from a GaAs crystal and was
detected by the photomultiplier (Ply.

tional ellipsometry. A mode-locked Nd:glass
laser at 1 06 pm with a single pulse selector was
used as the source of optical pulses. The prob-
ing beam was attenuated by a factor of 20 rela-
tive to the excitation beam. Initially the ellipso-
meter analyzer and polarizer were adjusted for
extinction (ratio = 1:3 X10 ') with no excitation
pulse. The absorption of the strong excitation
pulse in the crystal produced an incremental
change in the refractive index at the crystal sur-
face and a consequent increase in the probe beam
transmission which was proportional to I 6n/nl

for small 5n. The sign of 5n can readily be deter-
mined by offsetting the ellipsometer extinction
by rotating the analyzer prism and observing
whether the excitation pulse causes the probe
transmission to increase or decrease.

A variable delay in the excitation arm controlled
the relative timing of excitation and probing.
The setting on this delay corresponding to the
exact overlap of the two pulses at the crystal sur-
face (i.e., zero time) was determined by a sep-
arate second-harmonic generation experiment.
A crystal of QaAs was mounted above and co-
planar with the Ge crystal on an adjustable mount
so they could be readily interchanged without af-
fecting the alignment or delay. Second-harmonic
generation at 0.53 JL(m produced by the 1.06- p, m

probe and excitation beams in reflection at the
GaAs was then detected by a photomultiplier at
an angle of 28 with respect to the crystal normal
(Fig. 1), as determined by the laws of nonlinear
reflection. ' By varying the delay, the second-
order intensity correlation of the pulses was ob-
tained, from which the zero-delay setting was
determined and the pulse width was found to be
10 psec [full width at half-maximum (FWHM) I.
The measurement includes a small broadening
effect of approximately 1 psec due to the imper-
fect spatial overlap of the probe and excitation
beams at the crystal surface. The overall ac-
curacy of the zero-delay setting is estimated to
be + 2 psec.

In Fig. 2 the response of the ellipsometer is
shown as a function of delay, following the ab-
sorption of an intense excitation pulse in the ger-
manium crystal. The ellipsometer transmission
was observed to increase to a maximum approxi-
mately 11 psec after excitation and then decay
slowly. Typically, a pulse of approximately 10 '
J cm ' produced a peak negative index change of
5nln = —0.05. Assuming rapid thermalization of
the excess electron and hole energies, the plas-
ma refractive index can be estimated from the
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FIG. 2. Ellipsometer transmission, && ~ I«/& I,
versus time delay between plasma generation and prob-
ing. The background transmission due to a finite ex-
tinction has been subtracted. Each point is a simple
(unweighted) average of ten laser shots. The dispersion
in the data was typically 11'per shot and 470 for the
mean. The solid line is the solution, Eq. (3), of the dif-
fusion equation for the parameters &=1.4 &&10 cm
and D =230 cm2 sec

simple Drude model of a free electron-hole gas:

where ~ = 4n o S/k~(n+ 1)' is the plasma density,
8 is the excitation pulse energy, n is the absorp-
tion constant at the optical frequency cu, and m,
and m„are the electron and hole effective mass-
es. Using the known properties' ' of Ge, namely,
a = 1.4 & 10' cm ' at 1.06 p, m, m, = 0.12m p m „

0 3 5@ip and n = 4.3 5, we find that the plasma
density is 1.7 x10'0 cm ' for 6n/n = —0.05. A

pulse energy of 1.3 x 10 ' J/cm' would be required
to produce this excitation level, in excellent
agreement with the experimental results. At
these excitation levels the crystals were undam-
aged and the results were highly reproducible.
Surface damage was observed at approximately
5x10 ' J cm ', or N= 10" cm '. The choice of
the correct effective mass for holes in determin-
ing the plasma frequency has recently been dis-
cussed by Combes cot and Nozihres. ' For the
particular conditions of density and optical fre-
quency encountered here, the contribution to the
dielectric constant of heavy-to-light hole transi-
tions is not important and consequently we have
chosen an effective mass dominated by the heavy-
hole band. Also, we do not expect to observe
any appreciable excited state absorption due to

1 ,af , Bf
D 75 —dk —dQag gg (4)

where v is the momentum relaxation time, n the
electron (or bole) velocity, and f($) the Fermi-
Dirac distribution function. Assuming that the
relaxation time has an energy dependence of 7

a- 8 '~ characteristic of lattice scattering, the

heavy-to-light hole transitions.
Since the ellipsometer involves a reflection

from the crystal surface, its response is essen-
tially a measure of the square of the plasma den-
sity at the surface. The effective probing depth
is only X/4'= 200 A at X = 1..06 p, m. The surface
density thus decreases with time because of the
diffusion of carriers into the bulk following their
generation on a thin layer near the surface of
thickness n '. To determine the diffusive trans-
port properties of the plasma, we have solved
the linear equation for ambipolar diffusion' with
a generation term equal to o.S(t) exp( —nx —t'/7~'),
where x is the distance into the crystal, and v~
is the excitation pulse width (assumed to be Gaus-
sian). Recombination was neglected and space-
charge neutrality was assumed to prevail. Sur-
face recombination can also be neglected because
of the low surface recombination velocity at the
etched Qe surface. The resulting surface plasma
density was then squared and convolved with the
probing pulse to simulate the ellipsometer mea-
surement. The transmission of the probe beam
through the ellipsometer is given by

T(f)= f {fX(0, ~)1,(~ ~)d~)'1, (t ~)d~, (2)

where

N(0, f) = X~ exp(o'Dt) erfc o.(Df)' ' (3)

is the impulse response, I~ and I~ are the pump
and probe pulses, and D is the diffusivity, which
is assumed to be a constant. We have fitted ex-
pression (3) to the experimental data assuming
o=1.4x10' cm ' (Ref. 5), v.~=6.7 psec (8 psec
FWHM), with D the variable parameter. As seen
in Fig. 2, an excellent fit to the experimental
data is obtained for D= 230 + 50 cm' sec '. This
value is 3.5 times larger than the low-density
ambipolar diffusion constant in Ge given by D
=2D, D„/(D, +D„)=65 cm' sec '.

At densities of -10"cm ' the plasma is degen-
erate and consequently we would expect the dif-
fusivity to differ from its nondegenerate value.
The density dependence of 0 can be readily esti-
mated from the solution of the Boltzmann equa-
tion using a relaxation-time approximation:
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integrals can be evaluated for spherical energy
surfaces in terms of the Fermi-Dirac functions

F„(q),"to give the result D(q)/D, = Po(q)/8: », (q),
where q is the quasi-Fermi level normalized to
kT and D, is the nondegenerate diffusivity. In the
degenerate limit, q» 1, D(q)/D, = —,(ng)' and the
diffusivity has an approximate density dependence
of N'~. For K=1.7&10"cm ', the quasi-Fermi
level for electrons is approximately 0.2 eV (q

= 8)
and for holes is 0.3 eV (q

= 12.5), and the diffu-
sivities are increased by factors of 2.5 and 3.1,
respectively. Consequently the ambipolar dif-
fusivity should be 2.9 times the nondegenerate
diffusivity in fair agreement with the observed
result.

A more rigorous analysis of the diffusion dy-
namics would incorporate the density dependence
of D in the solution of the diffusion equation.
However, we do not expect the inclusion of a
nonlinear D to be significant for the range of den-
sities observed in our experiment. Although T
was measured over a range of 7:1 and N over a
range of - 2.6:1, the expected variation in D is
only 1.3:1. This variation would be further re-
duced through spatial averaging in the diffusion
equation, and consequently should not appreci-
ably affect the accuracy of our determination of
D. Further experiments are currently in prog-
ress to measure the diffusive transport proper-
ties of a variety of materials for a range of ex-
citation intensities and different excitation wave-
lengths. We expect that the measurement tech-

nique employed in this experiment will be of gen-
eral interest for applications requiring the mea-
surement of small transient index perturbations
with picosecond time resolution.
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Ionization energies for chemisorbed acetylene, ethylene, and benzene exhibit &-orbital
bonding shifts (- 0.9-1,5 eV) as well as large nonchemical-bonding relaxation shifts of- 1-3 eV for both & and 0 orbitals. Dehydrogenation of chemisorbed ethylene to acety-
lene for T ~ 230 K is directly observed. %'e estimate &-d bonding interaction strengths
and chemisorption energies from spectroscopic energy levels and predict that this sur-
face reaction becomes exothermic because of &-d bonding.

It has been postulated that n. -d bonding plays an
important role in hydrocarbon chemisorption on
group-VIII transition metals (Ni, Pd, Pt), and
also in catalytic reactions (hydrogenation, dehy-
drogenation, dimerization, etc. ).' We report

photoemission valence orbital energy levels for
condensed (weakly bound) and chemisorbed hy-
drocarbons which give a clear picture of the
chemical state of the adsorbed species, i.e., a
monitor for surface reactions, and which show


