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Low-Energy Electron Diffraction during Pulsed Laser Annealing:
A Time-Resolved Surface Structural Study
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Nanosecond structura1. changes in a crystal lattice during pulsed laser annealing have
been measured by use of time-resolved low-energy electron diffraction. Low-energy
electron diffraction is both structure and surface (-10 A) sensitive and can yield lattice
temperatures from Debye-%aller-like extinction coefficients. Combining these with
nanosecond time resolution provides a surface probe for short-time dynamical processes.
The results demonstrate rapid formation of a liquid layer and subsequent surface re-
crystallization and cooling on (111) Ge.

PACS numbers: 79.20.Ds, 61.14.Fe, 63.90.+t

In recent years a great deal of effort has been
expended in the study of fast-pulse laser anneal-
ing of semiconductors. Both the properties of
the final material as well as the fundamental
processes responsible for the changes that occur
are of continuing interest. The study of the fun-
damental processes has presented experimental-
ists with the challenging problem of characteriz-
ing states of condensed matter that exist for only
the brief intervals (10 "to 10 'sec) during
which the laser beam is interacting with the semi-
conductor or the system is relaxing towards
equilibrium. It may well be expected that the
development and refinement of time-resolved ob-
servational methods in this regime will insure
continued advancement of our understanding of
condensed materials in highly excited nonequilib-
rium situations.

Our interest in this problem has lately been
directed towards observing the state of the im-
mediate atomic surface through which the light
enters the material. None of the time-resolved
methods already brought to bear on the study of
laser annealing (e.g. , optical ref lectivity and
transmission, ' x-ray dif fraction, "second-
harmonic generation, ' Raman scattering, ' '
time-of-flight mass spectrometry") yields atomic
structural information on the first few atomic
layers. It is of course the transformations of
this region which precede and may even stimulate
the course of the laser-target interaction. Fur-
thermore, a comprehensive understanding of the
state of the surface under these conditions may
lead to advances in stimulating chemical reac-
tions at this interface.

It would appear that a natural probe of this re-
gion would be time-resolved low-energy electron
diffraction (LEED). There have in fact been re-
cent reports of high-energy electron-diffraction
measurements with picosecond resolution in an

electron microscope" and a modified streak cam-
era." Such high energies (10-100 keV), how-

ever, are not particularly convenient for probing
only the surface region of a crystal. Hence in
the following we describe preliminary results
of a new apparatus designed to observe low-en-
ergy electron scattering from crystal surfaces
during pulsed laser irradiation. We observe the
(00) diffraction spot from a (111) germanium
crystal and show how it is extinguished under
conditions associated with laser annealing. We
further discuss how the state of the surface can
be temporally resolved from a study of the scat-
tering intensity.

The experimental setup is illustratd in Fig. 1.
It consists of three major components: an ultra-
high vacuum (UHV) system for conventional sam-
ple preparation and characterization, a pulsed
laser for exciting the sample, and a pulsed LEED
system for time-resolved measurements. A (111)
germanium sample was Syton polished to a mir-
ror finish and then placed in the UHV chamber
which was capable of a base pressure of 2~ j.0 "
Torr after bakeout. Once in the vacuum chamber
the surface was sputter cleaned by use of 0.5 to
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FEG. 1. Functional diagram of the apparatus indicating
the relationship of the electron gun, Ge sample, micro-
channel-plate detector, laser, and counting electronics.
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FIG. 2. (a) Reflectivity at 632.8 nm and (b) (00) beam
LEED intensity at 75 eV vs time on Ge(111), taken at a
pump fluence of 390 mJ/cm .
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1.0 keV argon ions and was subsequently ther-
mally annealed at temperatures between 650 and
920'C with a radiative heater mounted behind the
sample. After several of these annealing cycles
the sample was observed, with conventional
LEED, to exhibit the 2& 8 diffraction pattern
characteristic of a clean reconstructed Ge(111)
surface. '4 Upon laser annealing the surface re-
constructs to 1&1, and hence this is the surface
studied in this work.

The pulsed laser system consisted of a Quanta-
Bay Q-switched Nd-doped yttrium-aluminum-
garnet (YA1G) laser (1.06 pm) which was operated
with a pulse width of 9 nsec, at a repetition rate
of 10 Hz, in Quanta-Hay's standard unstable-
resonantor doughnut" mode. In order to obtain
a smooth Gaussian-like profile at the sample,
the beam was propagated, with the aid of glass
turning prisms and lenses, into its far field. At
a beam diameter of 4 mm, fluences on the sam-
ple as high as 500 mJ/cm' could be obtained. In
order to assure that the laser pulse energy used
in the time-resolved LEED experiment corre-
sponded to that associated with the laser anneal-
ing" regime, time-resolved optical ref lectivity
measurements were performed on a control sam-
ple outside the vacuum chamber. Figure 2(a)
shows the ref lectivity of P-polarized light from
a He-Ne cw laser (632.8 nm) incident at 30' off
the germanium surface normal. This probe beam
was 0.2-0.3 mm in diameter and was centered
directly on the region illuminated by the YA1G

annealing pulse. The annealing pulse fluence
was 390 mJ/cm'. " The ref lectivity is seen to
rise from 0.4 to 0.6 upon arrival of the annealing
pulse and endures for 20-30 ns. The slow rise
and fall times may be attributed to the bandwidth
of our electronic display apparatus. This re-
flectivity result is quite characteristic of the
laser annealing regime and hence the time-re-
solved LEED results shown below have been
taken at the same YAlG laser power.

The pulsed LEED apparatus consisted of a mod-
ified commerical LEED electron gun and a micro-
channel-plate electron-multiplier detector sys-
tem capable of single electron detection with
position resolution of (0.1 mm. The electron gun
was mounted in the UHV chamber so that the elec-
tron beam was incident on the sample at an angle
of 45'. At the working distance used a spot size
on the sample of 10&1.5 mm was obtained, and
this was carefully positioned with the aid of elec-
trostatic deflection plates to be centered on the 4-
mm spot illuminated by the YA1G laser. A 60-V
bias below cathode potential on the Wehnelt cylin-
der of the extration lens holds the electron gun
normally off. Application of a +60-V pulse capaci-
tively coupled to this electrode turns the beam on
for the duration of the pulse, nominally 10 ns.
Synchronization between YA1G laser and electron
beam pulses at the sample surface was achieved
by using the variable Q-switch sync on the laser
to trigger the electron gun pulser. Since the low-
energy electrons take 25 to 35 nsec to travel
from cathode to sample, the electron gun was in
fact triggered before the laser actually fired.
Changing the delay between electron and laser
pulses allowed temporal sampling of the LEED
intensity in a window extending from a fem hun-
dred nanoseconds before to 1000 nsec after the
light pulse.

For electron pulse durations of 10 nsec at 75
to 150 eV space-charge effects at the cathode
limited the pulse charge in our experiments to
-104 electrons. Typical LEED reflection coef-
ficients are - 10 4 for a major reflection spot,
yielding about one reflected electron per laser
shot. A two-stage microchannel plate operated
at saturation gain and coupled to a phosphor
screen was used to amplify the reflected LEED
electrons and convert each to a light pulse which
was imaged on a silicon photodiode. Only a sin-
gle LEED spot could'be imaged at a time in the
present setup and hence we shall only report on
one here. The detector is also equipped with
retarding grids to reject stray ions and secon-
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dary electrons.
Figure 2(b) shows the time-resolved intensity

of the 75-eV, (00) LEED spot from the germani-
um sample irradiated by 390-mJ/cm' YA1G laser
pulses at 10 Hz. Zero intensity corresponds to
our measured background level. The LEED spot
is seen to extinguish for a period of 10 to 20 nsee
reaching a maximum reduction of greater than
20:1 during the high-ref lectivity phase in Fig.
2(a). Reappearance of the diffracted beam is
equally abrupt, with recovery to 40% of the pre-
pulse level in 10 nsec and 65% in the next 10 nsec,
and is followed by continued increases at a much
slower rate.

Attenuation of diffracted beam intensity as the
lattice temperature increases is well known in
x-ray diffraction and is analyzed through the
Debye-Wailer eoeffieient which in turn is directly
related to the excited vibrational modes of a bulk
crystal. " For LEED beams the extinction is
vastly complicated by multiple scattering, in-
elastic effects, and unknown surface vibration
modes, rendering a theoretical calculation of
the temperature dependence of the effect nearly
impossible. This problem is circumvented by
performing an in situ" experimental static cali-
bration of LEED intensity versus temperature.
The electron ref lectivities in Fig. 2(b) may then
be associated with temperatures determined
from such a calibration.

Figure 3 shows the calibration curves resulting
from such an exercise. Shown are the (00) beam
reflection intensities for electron energies of 75
and 140 eV as a function of sample temperature.
Here the sample was raised to each steady-state
temperature by radiative heating from a filament-
type heater. The temperature is determined by
thermocouple and optical pyrometer readings,
and the LEED intensity was measured with use
of the same apparatus used for the pulsed laser
work. The 140-eV data are Debye-Wailer like
(i.e., they decrease exponentially with increasing
temperature) except for a small knee at - 285'C,
which may be connected to some phase transition
in the 2&8 structure. The attenuation at 900'C
is about 100:1 relative to room temperature. "
The 75-eV data are markedly different showing
only slight attenuation from room temperature to
600'C, with the intensity dropping much more
rapidly between 600 and 920'C. At 920'C the
attenuation is 16:1with 200'C as our baseline.
A study of the magnitude-of the error bars in our
time-resolved LEED measurements shows that
best accuracy at high temperatures is obtained
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FIG. 3. (00) LEED intensity of Ge(111) as a function
of temperature for electron energies of 75 eV (upper
curve) and 140 eV (lower curve). All intensities are
normalized to the room-temperature value.

with 75-eV electrons. Low temperatures, in
which we are not currently interested, would
best be studied with 140-eV electrons.

Comparing the 75-eV static temperature meas-
urements with the time-resolved results we im-
mediately see that the sample surface exhibits
disorder exceeding that of germanium at its melt-
ing point (937'C), since the observed extinction
exceeds 20:1. After maximum extinction the sur-
face reorders rapidly having a ref lectivity simi-
lar to that of a 700'C surface after 10 nsec andre-
covers to its steady-state value (200'C) after a
few hundred nanoseconds. Since LEED, at these
energies, is primarily surface diffraction, the
(00) beam exists as long as the surface is crystal-
line. Thus, the extinction observed clearly in-
dicates that the Ge surface is noncrystalline dur-
ing the laser annealing process. Et may be pos-
sible to account for this intensity change by
means other than melting, but it is difficult to
construct an alternate model consistent with
LEED and other time-resolved data. ' "

We believe that the above experimental results
represent one of the most unambiguous means of
observing the condition of the top atomic layers
of a crystal during laser irradiation. While
these preliminary studies were concerned with
only a single reflection, because of detector size
limitations, it is clear to us that improvements
in the apparatus can easily yield entire 4-space
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LEED patterns, with the attendant detailed in-
formation on surface crystal structure. There is
a plethora of surface phase transitions, thermal-
ly stimulated chemical reactions, and desorption
and diffusion processes that may now be probed
during laser excitation by the electron-diffraction
technique. We further believe that through suit-
able modification of the electron gun design the
time scale of the experiments may be reduced
into the picosecond regime where transient phases
that are undetectable on the nanosecond time
scale would be observable. It may be hoped that
for excitations on shorter time scales, effects
connected with high concentrations of hot car-
riers in a cold lattice will manifest themselves
in new crystal lattice parameters and phases. It
is only through the development of fast surface
diffraction techniques that such new transient
phases may be unambiguously identified.
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sions with D. H. Auston, B. Kincaid, E. McRae,
and R. Malik of Bell Laboratories and Barney
%ebb of the University of Wisconsin. Rick Leves-
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during its initial construction phase.
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The intensity data at 140 eV can be used to extract
a Debye temperature for the surface vibrational states.
This is found to be 195' K, in good agreement with the
Debye temperature of 290' K (see Ref. 14) when the
latter is divided by v 2 to account for the lowered sur-
face vibrational frequencies.
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