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Many metals emit electrons when exposed to UV radiation !photon energies 4 to 8 eV". Deformation
can significantly affect the intensity of these emissions. In the case of reactive metals, these
emissions are also altered by the presence of surface oxides. We have characterized the effect of
thermal oxides on laser-induced photoelectron emission from commercially pure polycrystalline
aluminum with a view toward using these emissions as a probe of deformation processes. The
thickness of oxides produced by a range of annealing treatments in air was determined by x-ray
photoelectron spectroscopy. Time-of-flight measurements on photoelectrons from these surfaces
under 248 nm irradiation !5 eV photons" show two peaks: a fast peak which we attributed to
electrons from metallic aluminum, and a slower peak, which may be due to electrons from interface
states. Surface oxide films of sufficient thickness attenuate both peaks. We show that the sensitivity
of the photoelectron signals to deformation varies with thermal oxidation pretreatments and oxide
film thickness and that with the appropriate oxide thickness the total photoelectron intensity
becomes a sensitive probe of deformation-related processes during tensile testing. © 2010 American
Institute of Physics. #doi:10.1063/1.3327237$

I. INTRODUCTION

Electron emission from metal surfaces depends strongly
on the details of atomic bonding at the surface and this may
be exploited to probe changes in the surface due to mechani-
cal deformation. Electron emission induced by reactions be-
tween metallic alloys and electronegative gases1–6 has been
exploited to probe the production of fresh metal surface dur-
ing the tensile deformation of titanium and zirconium in
oxygen.7 Electron emission due to photoelectronic processes
is also affected by deformation.8,9 Photoemission due to the
intersection of slip steps with the surface10–13 and cracks in
nonmetallic surface coatings14,15 is readily observed. In some
systems, the intensity and nature of photoelectron signals
from aluminum alloys can be exploited to assess the nature
of the oxide film.16

Photoemission images during fatigue testing have pro-
vided significant insights into the progress of
deformation,15,17 although the complexity of deformation in
fatigue complicates quantitative analysis. Time-resolved
photoemission measurements during simpler tensile defor-
mation experiments have been generally restricted to small
strains and have provided little real-time information on the
progress of deformation. In this work, we describe attempts
to optimize the information derived from laser-induced pho-
toelectron emission measurements during deformation by in-
vestigating the influence of thermal oxidization pretreat-
ments.

We examine the effect of thermal oxidation on photo-

electron emission from annealed, commercially pure alumi-
num during irradiation with a pulsed excimer laser !KrF, !
=248 nm". Oxidation was performed in air for periods of 0.5
to 10.0 h at temperatures of 200, 300, 400, and 500 °C.
X-ray photoelectron spectroscopy !XPS" was employed to
characterize the resulting oxides. Time-of-flight !TOF" mea-
surements on the laser-induced photoelectron emissions
show two distinct peaks: a faster peak that grows during
deformation and a slower peak that does not. The goal is to
identify the oxidation treatment that optimizes the sensitivity
of the photoelectron signals to deformation-induced changes
in the surface of pure Al.

II. EXPERIMENT

Dog-bone shaped tensile specimens were cut from 1 mm
thick, annealed, commercially pure Al !"99.95% mass frac-
tion" sheet. The gauge section was of 25.4#5 mm2, with the
long dimension parallel to the rolling direction of the sheet.
Samples were polished, ultrasonically cleaned, and thermally
oxidized in air at 200, 300, 400, or 500 °C, respectively for
periods ranging from 0.5 to 10.0 h. Tensile deformation was
carried out in vacuum !$10−7 Pa" at a constant crosshead
speed of 0.125 mm/s. The failure strains for these samples
tested in this manner ranged from 33.6% to 38.6%.

XPS was employed to determine the thickness of the
thermal oxides. Spectra were acquired with a Kratos Axis
165 !Ref. 18" photoelectron spectrometer using a dual
Mg K% source. The hemispherical electron energy analyzer
was operated in the electrostatic magnification, fixed ana-
lyzer, and transmission mode. Electron intensities were mea-
sured at kinetic energy increment of 0.1 eV with a pass en-
ergy of 40 eV.
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Photoelectron measurements were performed in a stain-
less steel vacuum system at a pressure of 1#10−7 Pa by
illuminating an area about 3#9 mm2 on one side of the
tensile specimen that included the region where strain local-
ization and necking occurred. Electron emission was moni-
tored with a Burle Electro-Optics Model 4716 Channeltron
electron multiplier mounted 150 mm from the sample !near
normal to the sample gauge plane" and operated at a gain of
about 106.

Pulses with a wavelength of 248 nm and duration of 30
ns were provided by a Lambda Physik Lextra 200 excimer
laser operated at a repetition rate of 2 Hz. The laser beam
was attenuated with a Micro Las variable attenuator and two
5% transmission filters to achieve a total fluence of
500 &J /cm2 at the sample gauge section. Atomic force mi-
croscopy showed no evidence of laser-induced damage at
this low fluence. The fluence threshold for surface damage
by 248 nm light on these samples !corresponding to the for-
mation of a plasma" is about 1 J /cm2.

After tensile deformation, portions of the deformed
gauge sections were imaged with a JEOL-6400 scanning
electron microscope !SEM" operated at an accelerating volt-
age of 20 kV. Atomic force microscopy !AFM" images of the
deformed surfaces were acquired with a Digital Instruments
!Santa Barbara, CA" Nanoscope III multimode scanning
probe microscope operated in the contact mode. The SEM
and AFM images are from the uniformly deformed region of
the gauge section 2.5 mm or more away from the tensile
fracture.

III. RESULTS AND DISCUSSION

A. Oxide characterization by XPS

Figure 1 shows typical XPS spectra of undeformed alu-
minum annealed in air for 3 h at four different temperatures.
This range of binding energies includes photoelectrons from
Al 2p states. The smaller peak at the lower binding energy
on the right corresponds to photoelectrons from metallic alu-
minum, while the larger peak at the higher binding energy on
the left corresponds to photoelectrons from aluminum ions in
the oxide. At constant annealing time, increasing the anneal-
ing temperature increases the oxide thickness, thereby in-

creasing the intensity of photoelectrons from the oxide. Be-
cause electrons from the underlying metal are attenuated in
the oxide by inelastic scattering events, increasing the oxide
thickness decreases the intensity of the photoelectrons from
the metal. The metallic peak after a 500 °C anneal is hardly
visible due to the thick oxide.

The position of the metallic peak remains unchanged as
the overlying oxide grows thicker. Similarly, the low binding
energy edge of the oxidic peaks for the samples annealed at
200 to 400 °C virtually overlap. However, the high binding
energy side of the oxidic peaks shifts to higher binding en-
ergies !to the left" with increasing oxide thickness. The de-
tails of this shift are beyond the scope of this work but reflect
variations in the electrostatic potential through the thickness
of the oxide film.19,20 The low binding energy photoelectrons
arise from states close to the metal-oxide interface, where the
electron potential energy is relatively high. As one moves
away from the interface, the electron potential energy de-
creases and the binding energy increases.21,22 As the oxide
thickness increases, the fraction of Al 2p photoelectrons
originating from high binding energy sites increases—and
the oxidic peak shifts to higher binding energies.

Although x-ray photoelectrons from Al 2p states are
emitted with well-defined energies relative to the local elec-
trostatic potential, these electrons can excite bandgap or plas-
mon excitations and lose energy as they pass through the
oxide film. Electrons that have generated these excitations
can generate separate peaks but more generally they contrib-
ute to the background. The intensity of electrons that pass
through the oxide film without generating excitations de-
creases exponentially with increasing oxide thickness. With
very thick oxides, few photoelectrons from the metal sub-
strate reach the detector. This is the case for the sample an-
nealed at 500 °C, where the metallic Al 2p peak is quite
small.

For oxide thicknesses on the order of the electron attenu-
ation length, the thickness of the oxide layer can be esti-
mated by comparing the Al 2p photoelectron intensities
!peak areas" from the oxide !IO" and the metal !IM".23–28 The
Al 2p photoelectrons generated by Mg K% radiation have
mean free paths of !O=2.42 nm'0.15 nm in the oxide and
!M =2.23 nm'0.13 nm in the metal, respectively.25,27 Pho-
toelectron production is roughly proportional to the number
of aluminum atoms per unit volume: NO=0.07 to
0.09 mol /cm3 !depending on the oxide" and NM
=0.100 mol /cm3. Assuming an oxide density on the low end
!NO=0.07 mol /cm3" and that the photoelectrons pass
through the oxide normal to the surface !(=90°", the oxide
thickness estimate d is25

d = !O sin ( ln%&NM!M

NO!O
'& IO

IM
' + 1(

) 2.4 ln%1.3& IO

IM
' + 1( . !1"

Strohmeier estimates that the uncertainty in the resulting ox-
ide film thickness is about 0.10 nm.25

The photoelectron intensities IO and IM were determined
by curve fitting the background and photoelectron peaks and

FIG. 1. XPS spectra of aluminum annealed in air at 200, 300, 400, and
500 °C for 3 h with half of the data points shown and fitting curves added.
The peak on the left is due to Al 2p photoelectrons from aluminum oxide
and the peak on the right is due to Al 2p photoelectrons from aluminum
metal. The estimated uncertainty in these measurements is less than the size
of the data points !0.084 arbitrary units".
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estimating the area under the peaks from the curve fit param-
eters. We note that this treatment, although standard, neglects
any sample-to-sample variability in oxide composition, as
well as the excitation of intrinsic surface and bulk plasmons
in the metal substrate.28 Thus, the oxide thickness estimates
reported below are likely to be somewhat high.

The oxide thicknesses calculated from Eq. !1" are plotted
as a function of oxidization time in Fig. 2 for the four an-
nealing temperature employed in this work. The general fea-
tures of the growth curves, including the rapid growth to a
limiting thickness, are typical of oxide growth in this
system.28 However, quantitative agreement is not expected
because our samples are annealed in air !high oxygen partial
pressure" and are covered with a significant native oxide
!#2.9 nm, see also Fig. 2" prior to annealing. As expected,
the limiting thickness increases as the annealing temperature
increases. Interestingly, the oxide grown at 400 °C takes sig-
nificantly longer to reach its limiting thickness than the ox-
ides grown at the other temperatures. This continuous growth
allows for relatively high defect densities along the metal/
oxide interface, even after 5 h at 400 °C. As discussed be-
low, this would account for the relatively high intensities of
slow photoelectrons from oxides annealed at 400 °C.

B. Photoelectron TOF signals versus annealing
temperature

Metals yield photoelectrons when exposed to photons
with energies greater than their work function—about 4.3 eV
for bare polycrystalline aluminum. Although the commercial,
oxidized material employed here is not clean by surface sci-
ence standards, photoemission is observed when the material
is exposed to 248 nm !5.0 eV" photons from a pulsed exci-
mer laser. The duration of each laser pulse is only 30 ns,
allowing for meaningful measurements of the time required
for the electron to travel to the detector. Typical electron
TOF signals accompanying a single, 248 nm laser pulse ap-
pear in Fig. 3. The gray curves were acquired before tensile
testing and the dark curves were acquired after tensile testing
!sample pulled to failure". Each TOF signal shows two
peaks: the faster peak arrives about 0.3 &s after the laser

pulse and the slower peak about 0.7 &s after the laser pulse.
After failure, the intensity of the fast peaks from each sample
is increased but the position !time" of the peak is unchanged.

The kinetic energy of the electrons comprising these two
peaks was estimated by modeling the electron trajectories.
The electrostatic potentials in the region between the
grounded sample and the electron detector were determined
by solving Laplace’s equation with boundary conditions ap-
propriate for our experimental geometry.29–32 Trajectories
and transient times for single electrons with a variety of ini-
tial kinetic energies and launch angles were calculated and
compared with the observed transient times. These simula-
tions show that the detected electrons are emitted in a narrow
cone confined to angles within 10º of the surface normal and
travel along nearly straight-line paths to the detector. The
best agreement between experimental and simulated tran-
sient times was obtained for initial electron kinetic energies
of approximately 0.7 and 0.05 eV for the fast and slow
peaks, respectively. The kinetic energy of the fast peak is
consistent with the difference between the photon energy !5
eV" and the work function of aluminum, typically 4.1 to 4.4
eV depending on crystallographic orientation. This suggests
that the fast electrons are emitted from the metallic phase
through surface oxide structure without losing energy.

The origin of the slow peak is not clear. If this peak was
due to emission originating from defect states within the ox-
ide, the magnitude of this peak should increase with oxide
thickness, which is not observed. The observed behavior is
consistent with a low density of suitable states for emission
in the interior of the film and a relatively high density of
defects along the metal-oxide interface, as expected.33

Charge transfer from the metal to oxide interface states typi-
cally yields filled interface states just below the metal Fermi
level.34,35 Such states would be suitable initial states for pho-
toemission.

C. Photoelectron intensity versus oxide thickness

Although aluminum oxide is effectively transparent to
248 nm photons, a sufficiently thick oxide can hinder the

FIG. 2. Estimated oxide thicknesses as a function of anneal duration at
temperatures of 200, 300, 400, and 500 °C. The curves are empirical fits to
an equation of the form tM, where t is the annealing time; the estimated
uncertainty !see text" is less than the size of the data points.

FIG. 3. Laser-induced photoelectron emission signals vs time due to single
laser pulses before !gray line" and after !black line" tensile deformation to
failure of aluminum oxidized at !a" 200 °C, !b" 300 °C, !c" 400 °C, and !d"
500 °C for 3 h.
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escape of electrons from the underlying metal. The intensi-
ties of the fast and slow peaks are shown in Fig. 4 as a
function of oxide thickness as determined by XPS and Eq.
!1". The overall drop in the fast peak intensity with oxide
thickness is well described by an exponential decay with an
attenuation length of about 3.3 nm. This is comparable to the
attenuation length of 1.0 for 150 nm photons determined by
Buzulutskov et al.36 for alumina films vacuum deposited on
CsI, where somewhat higher electron kinetic energies are
expected. It is also !coincidentally" comparable to the attenu-
ation length of the XPS photoelectrons described above
!!O=2.4 nm". A longer attenuation length of 14 nm was
reported by Pong on anodized aluminum illuminated by 122
nm photons,33 possibly due to the porosity of the thicker,
anodized films. Although the slow peak intensity varies con-
siderably with anneal time !independent of oxide thickness",
a similar analysis of attenuation yields an attenuation length
of about 7 nm.

In contrast with XPS photoelectrons, the kinetic energies
of UV photoelectrons are far too low !$1 eV" to generate
bandgap or plasmon excitations in the oxide !)9 eV". The
most important potential excitation at these photoelectron en-
ergies are surface plasmons !Fuchs–Kliewer modes", whose
energies !typically near 0.1 eV for aluminum oxide" and ex-
citation probabilities depend on oxide thickness.37 The long
phonon wavelength and the long range of the associated di-
pole electric field render these interactions relatively insen-
sitive to submicron inhomogeneities. The surface plasmons
on aluminum oxide are also relatively insensitive to the crys-
talline form of the oxide. High resolution electron energy
loss spectroscopy studies of aluminum surfaces oxidized in

partial vacuum show significant energy loss peaks near 0.06
and 0.10 eV as the film thickness increases above 3 nm.38,39

Thus we expect that electrons in the fast peak would excite
surface plasmons. The corresponding scattering process for
electrons in the slow peak would be much weaker. This
would explain why the slow peak intensity falls more slowly
with oxide thickness than the intensity of the fast peak.

The fast and slow electron intensities decrease signifi-
cantly !up to 40%" with anneal time at anneal temperatures
of 200 and 300 °C, despite the small changes in oxide thick-
ness at these temperatures. The common behavior suggests a
common attenuation mechanism. It is unlikely that this
mechanism is inelastic scattering, due to the contrasting elec-
tron kinetic energies of the two peaks. However, both fast
and slow electrons would respond significantly to small
changes in the apparent work function during annealing. In
the aluminum/aluminum oxide system, decreasing the den-
sity of interface states !electron traps and oxygen
vacancies40" increases the apparent work function by reduc-
ing the amount of charge transfer required to align the metal
and oxide Fermi levels.40

At the annealing temperatures employed in this work,
defects along the metal-oxide interface are formed and re-
formed continuously during oxide growth, as aluminum ions
migrate from the metal through the existing oxide to the
oxide surface. In the absence of growth, annealing generally
reduces defect densities, including those along the interface.
Annealing improves the crystallinity and stoichiometry !rela-
tive to *-alumina" of oxide films on aluminum over the en-
tire range of annealing temperatures employed in this
work.21,41 Almost all the annealing at 200 and 300 °C !but
not 400 °C" occurs after the oxide has stopped growing !see
Fig. 2"; thus it is reasonable to expect the density of interfa-
cial defects to decrease during the lower temperature anneals
but not at 400 °C. This would account for the drop in fast
and slow peak intensities with increasing anneal time at 200
and 300 °C, despite the lack of oxide growth. At 400 °C,
annealing continuously increases the film thickness and
would continuously regenerate interface states; as the oxide
grows, the apparent work function would remain relatively
low but inelastic scattering would increasingly attenuate the
fast electrons. Since the slow electrons lack the kinetic en-
ergy to excite most inelastic processes, the slow electron
peak would be only weakly attenuated after prolonged an-
nealing at 400 °C. Significant attenuation in both fast and
slow peak intensities appear in the samples with oxide thick-
ness greater than 6 nm—e.g., for the oxides formed by an-
nealing at 500 °C in Figs. 2–4.

Assuming that the slow electrons originate from inter-
face states, any reduction in interface state density will di-
rectly reduce the slow peak intensities. However, both fast
and slow electron intensities depend exponentially on the
apparent work function, leading one to expect that these
changes are the dominant effect. Kuznetsova found that the
work function of oxide films formed during exposure to low
pressure ozone was 0.23 eV higher than films formed in
oxygen—again attributed to a lower density of oxygen va-
cancies along the interface.40 Smaller changes in the appar-

FIG. 4. !a" Fast peak and !b" slow peak photoelectron intensities as a func-
tion of oxide thickness !as determined by XPS". The curve in !a" represents
a least-squares fit of all the data to an exponential decay with a decay
constant of 3.3 nm. The gray line in !b" guides the eye through the data
points corresponding to the oxide formed at 400 °C. The measurement un-
certainties are the same as in Figs. 1 and 2.
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ent work function would easily account for the decrease in
fast and slow peak intensities after annealing at 200 and
300 °C.

D. Photoelectron emission during deformation

During tensile deformation of aluminum, much of the
plastic strain is accommodated by cooperative dislocation
motion and the formation of slip bands. Typical SEM images
of the uniformly deformed gauge section of the aluminum
samples after deformation in tension to failure !#36% strain"
are shown in Fig. 5. The distinct diagonal features in each
image are where regions of intense dislocation activity,
known as slip bands, intersect the surface. For a metallic
alloy covered with an oxide film, the formation of slip steps
exposes bare metal. Outside of a vacuum, oxide reforms on
these freshly exposed slip steps; but in a vacuum, these areas
will remain bare and UV illumination should result in pho-
toemission from the surface that increases as the growth of
these steps exposes more bare metal.

The geometry of the new surfaces exposed by slip is
clearer in AFM images of the annealed surfaces acquired
after failure, shown in Fig. 6. Most of the steps in these
images are several tens of nanometers high—significantly
higher than the oxide film thicknesses in this work. There-
fore, most of the fresh metal projects above the oxide layer,
and photoelectrons can be emitted directly into vacuum with-
out passing through the oxide. Using anodized aluminum,
Arnott and Ramsey1 detected significant increases in electron
emission during the deformation of samples with average
oxide thicknesses below 45 nm. We have previously reported
changes in laser-induced electron emission intensities ac-
companying plastic deformation of several Al alloys32 and
single crystals42 with native oxide coatings.

Figure 7!a" displays a typical smoothed stress and pho-
toelectron signals as a function of applied strain acquired
during testing of an aluminum tensile specimen oxidized for
3 h at 400 °C. Each data point in the photoelectron signal
represents the total charge delivered by the electron multi-

plier after a laser pulse; this total charge corresponds to the
area under a single electron TOF curve in Fig. 4. The behav-
ior of the photoelectron signal can be divided into four re-
gimes based on the slope of this curve. In the first region
!from 0% to #4% strain", the photoelectron signal is con-
stant during elastic deformation and continues to be nearly
constant well after the first signs of plastic deformation.
Then, after about 2% or 3% strain, when plastic deformation
has become widespread and uniform, the photoelectron sig-
nal starts to increase linearly with plastic strain. This second
region of rapid work hardening continues up to 15% to 20%
strain where as the slope of the stress-strain curve starts to
approach zero. At this point, the slope of the linear photo-
electron signal as a function of strain changes, and this marks
the beginning of the third region. In the third region, the
photoelectron signal continues to increase linearly with strain

FIG. 5. SEM images of aluminum samples acquired after deformation in
tension to failure. The samples were annealed for 3 h in air at temperatures
of !a" 200 °C, !b" 300 °C, !c" 400 °C, and !d" 500 °C. In each case, the
imaged area is located at least 2.5 mm from the fracture surface.

FIG. 6. AFM images of aluminum samples acquired after deformation in
tension to failure. The samples were annealed for 3 h in air at temperatures
of !a" 200 °C, !b" 300 °C, !c" 400 °C, and !d" 500 °C. In each case, the
imaged area is located at least 2.5 mm from the fracture surface.

FIG. 7. !a" Smoothed strain and photoelectron signals acquired during ten-
sile testing of an aluminum sample oxidized at 400 °C for 3 h. !b" Photo-
electron signals acquired during testing of samples oxidized at 200, 300,
400, and 500 °C for 3 h. The strains at failure ranged from 33.6% to 38.6%.
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but at a lower slope than that observed in second region. This
behavior continues until separation of the fracture surface is
complete. The fourth region is observed after the last liga-
ment of the fracture surface is completely torn; the rate of
bare surface generation drops to zero and the photoelectron
emission intensity becomes constant.

A small increase in the photoelectron signal during the
first region would be expected for several reasons, including
oxide cracking due to elastic stresses, dislocation motion
prior to the onset of general plastic deformation,43,44 and a
small decrease in the work function as the strain/stress
increases.45 The change in signal intensity in this region is
small and continues to be small until well after the onset of
plastic deformation !at about 0.05% for the modulus and
yield strength of pure Al". This behavior could be due to the
irregular nature of the early stages of plastic deformation or
the small opening displacements in the oxide film for these
low levels of plastic strain.46

As deformation proceeds to the second region, working
hardening in the grains favorably oriented for slip locally
stiffens these grains until the yield strength is exceeded in all
of the grains and uniform plastic deformation results. Once
deformation becomes uniformly distributed, the imposed
strain rate must equal the plastic strain in the tensile axis; if
not, the stress increases !nucleating more slip bands" until it
does. Under these conditions, the fraction of the illuminated
area composed of bare metal should increase linearly with
strain, accounting for the linear growth of photoelectron in-
tensity with strain.32

Eventually, work hardening results in strain localization
and the formation of a thin !necked" region in the gauge
section. Once necking initiates, virtually all subsequent plas-
tic strain is confined to the region of the neck. In this third
region of deformation, the rate of surface area production is
still proportional to the strain rate but much of the new sur-
face appears on the thin !1 mm thick" edges of the gauge
section, which are not illuminated by the laser. Thus, the
photoelectron signal still increases linearly with strain but
the rate of increase !the slope of the curve" decreases. The
dotted lines in Fig. 7!a" show the linear regions of photoelec-
tron signal growth before and after the onset of strain local-
ization. The onset of strain localization coincides with the
inflection point in the photoelectron signal.32 In some case it
is easier to identify the onset of localization from the inflec-
tion point in the photoelectron signal than the strain data.32

Large changes in the photoelectron signal can occur at frac-
ture if the bare metal of the serrated fractured surface be-
comes exposed to the laser.

Figure 7!b" shows typical photoelectron signals acquired
during tensile testing of samples annealed for 3 h at tempera-
tures of 200, 300, 400, and 500 °C. The strains at failure
ranged from 33.6% to 38.6%. Each signal shows the three
stages of deformation illustrated in Fig. 7!a". Importantly, the
photoelectron intensity prior to deformation decreases dra-
matically as the annealing temperature increases. This is con-
sistent with the strong dependence of photoemission inten-
sity on oxide thickness and annealing temperature in Fig. 2.

Ultimately, our goal is to increase the sensitivity of our
photoelectron measurements to the point where the produc-

tion and growth of individual slip bands can be detected. The
optimum surface treatment for these experiments will pro-
vide an oxide thick enough to attenuate photoelectron emis-
sion from the gauge section prior to deformation but thin
enough to allow for efficient detection of electrons emitted
from nearby deformation-induced metal surfaces. Under the
experimental conditions of this work, an oxide layer about 4
nm thick, produced by a 3 h anneal at 300 °C, provided the
best results. Longer anneals at 300 °C yield less uniform
oxides, due to the uneven progress of oxidation and crystal-
lization within the film.21,28,41,47,48 Annealing samples at
higher temperatures yielded films that were too thick. Fur-
ther, it has been found from this work that the intensity of the
fast photoelectron signal can be used to estimate the thick-
ness of the oxide layer given appropriate standards.

IV. CONCLUSIONS

Annealing commercially pure polycrystalline aluminum
in air produces a thermal oxide that has important effects on
photoelectron emission before and during tensile testing.
XPS measurements of oxide thickness show the expected
growth kinetics as a function of temperature and duration of
anneal.41 Electron TOF measurements show two prominent
peaks. The faster of these peaks is consistent with emission
from metallic aluminum and decays exponentially with in-
creasing oxide thickness. The slower of these peaks is more
weakly attenuated as the oxide thickness increases. After the
oxide reaches a limiting thickness !low temperature anneals
only", both peaks generally grow weaker with increasing an-
nealing times. We suggest that the slow electrons arise from
states at the metal-oxide interface. Photoemission measure-
ments during tensile testing show rising emission intensities
due to the bare patches of metal produced by deformation.
These signals reflect the progress of incipient and linear de-
formation, followed by strain localization and failure. The
oxide thickness dependence of the photoemission intensities
during deformation demonstrates that an oxide thickness of 4
nm provided optimum conditions for strong photoemission
while minimizing the background photoelectron signal due
to undeformed material. Laser-induced photoelectron emis-
sion during deformation promises to provide useful, real-
time information concerning surface microstructural changes
during deformation.
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