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13.identifying the surface damage process, we studied two systems
in some depth, TiO2 and NiO. In TiO2 there is a phase
transition to TiO which spreads from the surface and is driven
by oxygen desorption. This work provided the first indications
that diffusion was the rate limiting step. In NiO there is no
DIET, but knockon damage at higher voltages and two electron
beam stimulated reaction one of which abstracts nickel and
another reduction by carbon contaminants.C -A
The next step was to analyze carefully thre -ma'erials, namely
V20 5 , MoO3 and W03. We found that V20 5  underwent
phase transitions to lower oxides terminating at VO, and that
the other two compounds went to the metal. Again, the character
of the results indicated that the (chemical) energy transfer
mechanism from the surface to the bulk was diffusion. Selection
rule for phase transitions is one important achievement of the
work; we have developed a predictive model for phase transitions
using the large data base collected for different materials. In
addition to commissioning the UHV microscope, a substantial
amount of effort was required to marry surface science
techniques with the electron microscopy. Preliminary Studies in
UHV: We have looked at gold, CaF2, TiO2, NiO, V205 ,
MoO3 and we are in the process of interpreting these results.
In particular, we have been able to demonstrate the deleterious
effects in terms of secondary reactions when not in UHV
conditions.
Laser damage studies: We have observed efficient three photon
photoemission of electrons from Cu (100) surfaces involving
resonant three photon excitation from filled to empty states at
the L point in the Cu band structure.
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Accomplishments
For the last three years we have been supported under the URI program at

a fairly modest level, roughly equal to 2-2.5 single investigator awards. We
will very briefly summarize here our primary accomplishments.

1 Survey of Damage Materials
One of the initial parts of the research was to survey, by electron

microscopy, a large number of materials to provide an overview of the damage.
At the same time, when the project started the conventional high-resolution
electron microscope had still to be installed and part of our original effort
was directed at understanding the performance of this instrument. In this stage
of the research we very briefly looked at about 20 different materials, primarily
oxides to see whether they damaged by DIET as against knockon and what the damage
products were.
2 Identifying the surface damage process

When the project started, our understanding of the structural phenomena
associated with surface damage was very primitive - this was the primary topic
of the proposed research. Starting with the information from the survey aspect
of the research, we studied two systems in some depth, TiO2 and NiO. Both of
these have turned out to be very complicated systems. In TiO2 there is a phase
transition down to TiO which spreads in from the surface and is driven by oxygen
desorption. This work provided the first indications that diffusion was the rate
limiting step. The damage also depends very strongly upon the incident beam
direction, an effect which we are now starting to believe is due to beam
dependent rate of athermal diffusion, although we have not as yet been able to
perform experiments such as varying the temperature which will prove or disprove
this hypothesis. In NiO there is no DIET, but knockon damage at higher voltages
and two electron beam stimulated reaction one of which abstracts nickel and
another reduction by carbon contaminants. In the process of this work we
developed the experimental expertise to study in depth surface damage, for
instance, how to observe a small area of a single grain for time periods ranging
from 1 to 16 hours with constant irradiation, monitoring throughout this time
the damage.

During this stage of the work, the importance of the electron beam
direction with respect to the crystal in controlling many of the features of the
damage became apparent, and has become more strikingly clear with further
results. The damage rates can vary substantially, and in many cases the products
also. The reason why is still unclear, but may be due to different diffusion
rates; the proposed research should help to clarify this question.
3 Identifying the importance of diffusion

The next step was to analyze carefully three materials, namely V205, MoO 3
and W03. We found that V205 underwent phase transitions to lower oxides
terminating at VO, and that the other two compounds went to the metal. Again,
the character of the results indicated that the (chemical) energy transfer
mechanism from the surface to the bulk was diffusion. With a better
understanding of what happens, i.e. the reaction pathway, the next question was
understanding the mechanism and starting to understand the kinetics. The initial
problems was how to measure the kinetics. Our approach was to monitor some
feature in the images as a function of either or both time and dose rate and then
borrow from classical solid-state rate theory methods of parametising the results
in terms of the processes occurring. The power of this approach is that it
allows both the mechanism and kinetics to be determined. This has been very
successful and led to the first proof that diffusion is the key process. In
particular:

a) In W03 we have been able to quantitatively measure the desorption



kinetics and explain these via a size dependent diffusion model;
b) In V20 5 we have determined that the athermal diffusion constant is

proportional to the electron beam flux by demonstrating that the nucleation rate
is proportional to the square root of the flux; and

c) In W03 we have determined that there is fractal surface diffusion
roughening driven by the electron beam along certain zones.
4 Selection rule for phase transitions

One important achievement of the previous work is that we have developed
a predictive model for the phase transitions using the large data base that we
have collected about different materials. The model works for all the damage
systems that we know of. Interestingly, it also appears to hold and predict
structures for electron stimulated reactions at surfaces, although our data base
at present is too small so we have not published this result.
5 Commissioning the UHV microscope

A stripped UHV microscope was funded by the NSF and the Keck Foundation;
part of the URI project was attach all the ancillary equipment required to turn
the instrument into an operating research tool. In addition, bringing this
instrument up to speed and learning how to operate it, as well as completing all
the details of the design was funded by the URI. Converting the instrument from
an idea to a reality took 2.5 years and involved extensive discussions between
Professors Marks and Stair and Hitachi Engineers. Installing the instrument and
bringing it up to speed took another 6 months of work at Northwestern. This
later part was crucial to the performance of the microscope and involved several
modifications to the vacuum system which improved the pressure by an order of
magnitude.

In addition to commissioning the microscope, a substantial amount of effort
was required to marry surface science techniques with the electron microscopy.
For instance, we have built an optical heating source, redesigned the microscope
cartridge to take larger specimens which are more suitable for surface science
experiments such as LEED, and we are currently commissioning an Auger
spectrometer to go in the microscope. UHV microscopy is a completely new field
where we have had to invest substantially in man hours, an investment which will
pay off in the next few years.
6 Preliminary studies in UHV

Using the new UHV microscope, we have improved our understanding of damage
phenomena. To date we have looked at gold, CaF2, TiO 2 , NiO, V205, MoO 3 and we
are in the process of interpreting these results, looking at the effects of low
energy electrons on VO and looking at other systems such as ZnS. In particular,
we have been able to demonstrate the deleterious effects in terms of secondary
reactions when not in UHV conditions. For instance, using the UHV microscope
we have been able to positively determine that NiO does not undergo any DIET,
but is sensitive to contamination effects. It is appropriate to mention that
previous surface science studies of NiO have yielded conflicting results as to
oxygen loss, as well as frequently reporting the formation of Ni203 at the
surface which we know is in fact contamination induced Ni304 via loss of Ni from
the material. Similar effects have been observed li CoO and MnO although in
these materials it is due to oxidation.

In addition to this work, as part of learning how the instrument operates
we have studied reconstructions on gold as a model system. To summarize these
results, we have determined that the well-known 22x1 J3 reconstruction on gold
(111) is in fact a 22x22 homogeneous contraction which has been previously
erroneously interpreted in terms of three different domains of
reconstruction.
7 Laser and other damage studies



A second aspect of the research has involved continuation of damage studies
using lasers, and some studies using other surface science equipment of
desorption. We have observed efficient three photon photoemission of electrons
from Cu (100) surfaces. This process involves resonant three photon excitation
from filled to empty states at the L point in the Cu band structure. Coupling
between these photoemitted electrons and the intense radiation field at the
surface due to the laser is implicated in the mechanism for laser-induced CO
dissociation. In addition, we have been able to directly measure the laser-
induced heating process by fitting the thermionic electron emission fluxes to
the Richardson emission equation. These measurements confirm the simple heat
conduction models that have been used to estimate surface temperature. One
consequence of this thermal heating is desorption of positive copper ions.

To compliment the microscopy studies, we have also in two cases looked at
other materials in order to better understand the effects in the microscope.
In NiO we have examined the effects of electron beam damage in an ESCA/SIMS unit,
which has helped clarify what is occurring in this system, and looked at CaF2 and
V205 .

Another non-microscopy aspect of the research has been into atomic oxygen
sources. The original plan of the proposal was to build, in the third year, a
small atomic oxygen source at Northwestern based upon a design from Vanderbilt
University, but this has not proved to be possible. We are currently at the
exploratory stage of research into designing our own source. Some preliminary
experiments are in progress and the results to date are exceedingly promising,
for instance we have monitored damage to V205 via a low energy electron beam, and
the results imply high efficiency for a diffusion limited damage process. These
results correlate very well with the high energy electron damage results, and
imply that we should obtain reasonable fluxes by scaling up the electron beam
intensity, but it is too early to be able to provide any firm conclusions.
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