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Annealing properties of the 0.5-ML Pd/Cu(100) surface alloy
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The annealing properties of the 0.5-monolayer Pd/Cu(100) surface alloy at 353 K have been investi-
gated using reemitted-positron spectroscopy, low-energy electron diffraction, Auger electron spectrosco-
pY, electron work function, and thermal-desorption spectroscopy. During the thermal treatment, Pd dis-
solution into the substrate is observed, with a time constant of ~33 min. In addition, near-surface de-
fects (possibly steps) are observed to anneal out with a time constant of 82 min.

I. INTRODUCTION

The growth mechanisms and physical properties of epi-
taxial metal overlayers have been the focus of a great deal
of experimental and theoretical research. Of particular
interest is the ability to produce metastable structural
phases, which are unstable in bulk material, by epitaxy
onto a suitable substrate. These structural phases can
often result in the creation of unique chemical' and elec-
tromagnetic? properties. Such systems are of both funda-
mental and practical interest, as they provide a way to in-
vestigate the interrelations between the growth, struc-
ture, and properties of materials. As the understanding
of these relationships improves, it may become possible
to engineer metallic heterosystems with specific proper-
ties by the choice of the appropriate materials and
growth conditions.

The application of positron techniques to the study of
metal overlayer systems has been developed recently.’ ™’
The work function of an electron (¢~) and positron (¢*)
in a metal can be defined according to

¢ =D—u , W

¢+ =—D _.u'+ s
where D represents the surface dipole contribution and
pu~ and u* are the electron and positron chemical poten-
tials (internal energies), respectively. The difference in
charge between the electron and positron is responsible
for the difference in sign of the dipole contribution, and
leads to the possibility of a metal possessing a negative
positron work function. In such a situation the total en-
ergy of the system is lower, with the positron just outside
of the metal surface.

If low-energy (keV) positrons are implanted into a met-
al they rapidly thermalize and begin to diffuse freely
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through the sample. If a diffusing positron encounters
the surface of a metal which has a negative work function
then it may follow one of three branches: spontaneous
reemission, localization into a surface state, or positroni-
um formation through the pickup of a near-surface elec-
tron. Positrons may be reemitted either elastically, with
energy equal to —¢*, or inelastically due to surface
scattering. In reemitted-positron spectroscopy (RPS) the
reemitted positrons are analyzed to provide information
about the reemitting surface.

By measuring the RPS spectra as an overlayer is depos-
ited onto a substrate, changes in the positron work func-
tion and surface scattering can be monitored. However,
perhaps the greatest advantage of this technique stems
from the sensitivity of positrons to various types of de-
fects. Positrons are known to trap at open volume-type
defects with great efficiency,” and surface defects have
been shown to influence the positron surface branching
ratios.® This results in RPS being one of a few techniques
[others include scanning tunneling microscopy (STM),
low-energy electron diffraction (LEED), and helium-atom
scattering) capable of studying the evolution of defects in
metal overlayer systems. This area of investigation has
not yet fully matured, and interpretation of the results is
still difficult. Nevertheless it posseses great potential due
to its ability to measure a wide range of defects, both at
and below the surface layer, over a large area.

Many studies of the growth of Pd overlayers on
Cu(100) (Refs. 9—14) have focused primarily on the first
0.5 ML (monolayer) of deposition at 300 K. These stud-
ies have shown that the first 0.5 ML of Pd forms a well-
ordered 50/50 Pd/Cu surface alloy with ¢(2X2) symme-
try. In our laboratory RPS, low-energy electron
diffraction (LEED), Auger electron spectroscopy (AES),
electron work function, and thermal-desorption measure-
ments have been utilized to investigate the growth and
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morphology of Pd/Cu(100) overlayers from O to 37 ML
thick. A preliminary report of RPS studies of the
influence of defects in the thin-film Pd/Cu(100) system
was published in Ref. 14, and in a subsequent publication
we will discuss the properties of the thick Pd films. The
present paper deals with the annealing properties of the
0.5-ML surface alloy deposited at 300 K.

II. EXPERIMENT

Three separate UHV chambers, (base pres-
sure < 1X 107 1% torr) each equipped with a Pd evapora-
tion source, were utilized in this investigation. One of the
chambers is equipped with a four-grid retarding field
analyzer (RFA) for LEED and Auger experiments. It is
interfaced to a variable energy, magnetically guided posi-
tron beam (described elsewhere!®) for the positron ree-
mission experiments. All of the positron measurements
were performed using a 3-keV positron beam. This im-
plantation energy ensured that most of the positrons
thermalized in the sample prior to being reemitted.!s!’
The reemitted positrons are guided back along the beam
axis and then deflected with E X B plates to a channel
electron multiplier detector, where they are counted (see
Fig. 1). Energy analysis of the positrons is accomplished
by applying a retarding bias to a 90% transmission grid.
A Ge detector was also utilized to detect the y rays pro-
duced by positron-electron annihilations in the sample.

The second chamber is equipped with a similar RFA
for LEED and AES, a Kelvin probe for electron work-
function measurements, and a collimated quadrupole
mass spectrometer for thermal-desorption spectroscopy
(TDS) measurements. The LEED images were collected
by a silicon-intensified (SIT) video camera from the
LEED screen and stored on video tape. The VCR is in-
terfaced to a computer through a frame grabber board,
allowing subsequent measurement of the LEED spot in-
tensities and full widths at half maximum (FWHM’s).
The third UHV chamber is equipped with a cylindrical
mirror analyzer (CMA) for high-resolution AES measure-
ments. The CMA is interfaced to a computer, allowing
the monitoring of AES peak amplitudes with time.

The Cu(100) substrates were cut from a single-crystal
Cu boule and aligned to within +0.5° by Laue x-ray mea-
surements. The samples were polished using various
grades of diamond paste and finally a 0.05-um alumina
slurry. The samples were cleaned by Ar*-ion bombard-
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FIG. 1. A schematic representation of the experimental setup
for the positron measurements.
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ment (1-2 keV, 1 uA cm™?) at room temperature and
subsequently annealed at 700 K. Surface cleanliness was
confirmed by AES measurements. The Pd overlayers
were deposited from a sublimation source onto a Cu(100)
substrate at 295 K. The Pd coverage (accurate to +0.05
ML) was determined from previously established AES
and LEED calibrations.!?

III. RESULTS

The annealing behavior of 0.5-ML Pd overlayers on
Cu(100) was investigated by RPS, LEED, AES, electron
work function, and TDS measurements. In all experi-
ments the samples were prepared at 295 K and then
ramped to the annealing temperature of 353 K at a heat-
ing rate of approximately 1 K/s.

RPS was utilized to look at the positron work function,
scattered fraction, and reemission yield as functions of
anneal time. Figure 2 displays the integral and
differentiated RPS spectra for 0.5-ML Pd/Cu(100) over-
layer. The peak in the differential spectrum, which
represents the elastically reemitted positrons, occurs at
an energy given by E3=¢++¢H—¢g—, where ¢, is the
work function of the analyzing grids.® During reemission
some of the positrons are scattered, resulting in a low-
energy tail extending from the elastic reemission energy
down to zero kinetic energy. This point of zero kinetic
energy, given by E;=¢  —¢,, represents the zero of
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FIG. 2. The RPS spectra (taken with the sample normal
parallel to the incident beam direction) and its derivative for a
0.5-ML Pd/Cu(100) sample, showing the elastic peak (E;) and
the energy cutoff (E).



48 ANNEALING PROPERTIES OF THE 0.5-ML Pd/Cu(100) . . .

kinetic energy for the system, which is defined as the con-
tact potential difference between the sample and the
analyzing grids. The positron work function can there-
fore be determined according to ¢ =E; —E,.

By examining the detailed energetics of the RPS spec-
tra, information about the source of work-function
changes can be obtained. If, in the course of an experi-
ment E, is observed to change while E; remains con-
stant, then —A¢ T =AE,; =A¢ ™, assuming that the work
function of the grids remains constant. Combining this
with Eq. (1) yields the result that in this situation the
change in work function is due to a change in the surface
dipole only. E; will be observed to change only if there is
a change in the sum of the electron and positron chemical
potentials.

The positron work function was found to be unaffected
(within the range of experimental error) by annealing for
up to 5 h. The sensitivity of the measurement was such
that any change of work function greater than 40 mV
could be detected. However, when the RPS spectra are
examined, both the E; and E; peaks are found to shift to
lower energy by 60 mV. As previously explained, the
shift in E; requires that the sum of the positron and elec-
tron chemical potentials is changing, which suggests that
the bulk substrate is being altered in some manner. In
this situation the electron and positron work-function
changes are not solely due to a surface dipole effect, and
thus would not be expected to be related in any simple
manner.

The fraction of positrons which are scattered during
reemission is determined by comparing the relative areas
of the elastic peak (fit with a Gaussian) and the low-
energy tail in the differential RPS spectrum. The fraction
of positrons in this tail arises both from inelastic and elas-
tic scattering, since any elastic-scattering event which
leads to off-normal positron emission will result in a
lower observed positron energy.>%7!4!® The scattered
fraction of reemitted positrons was monitored before and
after annealing for two different times. In one experi-
ment the scattered fraction remained constant over a 50-
min anneal. However, in the second case the scattered
fraction was observed to decrease from 0.3310.03 to 0.26
+0.02 during a 5.5-h anneal. This observation is attri-
buted to the removal of defects capable of scattering posi-
trons.

The effect of the annealing treatment on the positron-
reemission yield is illustrated in Fig. 3. YT was mea-
sured before the start of the anneal and as a function of
time for both clean Cu(100) and 0.5-ML Pd/Cu(100) sam-
ples. In all experiments there is an initial drop in ¥ im-
mediately upon the start of annealing, with an equivalent
increase in Y observed upon cooling the samples. This
initial drop is attributed to a reversible temperature effect
associated either with the positron diffusion constant or
the positron surface branching ratios.

In the case of the clean Cu(100) sample, after the initial
drop, Y™ is observed to remain constant over a 120-min
anneal, indicating that the thermal treatment is having
no effect on the surface. However, in the case of the 0.5-
ML Pd/Cu(100) samples Y * is observed to increase, in a
manner well described by Y T (z) < [1—exp(—t/7)], ulti-
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FIG. 3. Reemitted-positron yield as a function of annealing
time at 353 K for clean Cu(100) (offset by +10% for display
purposes) and two 0.5-ML Pd/Cu(100) samples.
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FIG. 4. (a) The intensity and (b) FWHM of the (1,1) integral
(filled triangles) and half-order (open triangles) LEED spots for
0.5-ML Pd/Cu(100) as a function of annealing time at 353 K.
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mately improving by ~5% over a 6-h anneal. Since the
positron work function, which is known to correlate with
Y™ (Refs. 14 and 19) has been observed to remain con-
stant during the anneal, this increase cannot be associat-
ed with positron work-function changes. By fitting the
data a time constant of 7=82+5 min is obtained. It is
proposed that this phenomenon is related to the anneal-
ing out of defects in the system.

Figure 4 displays the dependence of the intensity and
FWHM of the integral and half-order LEED spots on an-
nealing time. The (1,0) integral-order spots, which corre-
spond to the Cu(100) substrate and the alloy layer (most
of the intensity is from the substrate at the 125-eV elec-
tron energy used), are observed to sharpen slightly while
remaining constant in intensity during the anneal. The
half-order spots, due to the surface alloy, decrease in in-
tensity by about 50% during the anneal. This decrease in
intensity has been fit with a function of the form
Ixe '/"+],, yielding a time constant of 7=37+1 min
(see the solid line in Fig. 4). The FWHM of the half-
order spots is observed to increase to a plateau region and
finally decrease slightly after about 60 min of annealing.

The broadening of the half-order spots is due to the
loss of long-range order in the alloy during the anneal.
This is interpreted as evidence of a loss of some Pd from
the surface alloy and its replacement with Cu, resulting in
a less ordered alloy surface or smaller alloy islands. The
slight sharpening of the spots after 60 min may be due to
subsequent ordering of the remaining alloy, the coales-
cence of alloy islands, and/or the ordering of some of the
Pd in a subsurface layer. The loss of Pd from the surface
would also produce the decrease in spot intensity. This
result is consistent with that observed for the integral or-
der spots, as the slight decrease in the integral order spot
width is indicative of improvement in the long-range or-
der of the Cu atoms during the anneal.

While it is not possible to determine what is happening
to the Pd from these data, two possibilities are dissolution
into the bulk and the formation of an ordered underlayer.
Formation of such an ordered underlayer has been sug-
gested following annealing of the (110) surface of the Cu,
Pd bulk alloy.?’ This issue was examined further using
AES, electron work function, and TDS experiments.

To verify the interpretation that Pd is being lost from
the surface, the Pd and Cu AES signals were monitored
during annealing (see Fig. 5). The 60-eV Cu Auger tran-
sition was monitored and showed an initial increase over
the first 20 min of annealing, and then remained constant.
This is consistent with the removal of some Pd from the
surface, and its subsequent replacement by Cu atoms.
However, the Pd (330+326 eV) Auger signal remained
relatively constant over this same initial time range, being
observed only to decrease (in an exponential fashion)
after annealing for 20 min. After 100 min of annealing
the Pd AES signal was observed to have decreased by
10%. This may indicate that for this first part of the an-
neal, while some Pd is migrating away from the surface,
it has not been moved far enough to significantly affect its
AES signal (escape depth ~10 A). The magnitude of the
increase of the Cu signal during this phase must be relat-
ed to the greater surface sensitivity due to the much
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FIG. 5. The Pd (326+330 eV) and Cu (60 eV) Auger-
transition-integrated intensities of 0.5-ML Pd/Cu(100) as a
function of annealing time at 353 K. The solid line represents
the fit to the data as discussed in the text.

lower characteristic Auger electron energy (escape depth
~5 A). As the anneal continues, the Pd is removed far
enough from the surface that its AES signal is observed
to decrease. The data, for the region where the Pd signal
is decreasing, have again been fit with a function of the
form IO<e"”+Io, and gives a time constant of 33+5
min, in good agreement with the LEED results.

The annealing of 0.5ML Pd/Cu(100) overlayers at 353
K was also studied by electron work-function measure-
ments, as shown in Fig. 6. The work-function values
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FIG. 6. The change in the electron work function of 0.5-ML
Pd/Cu(100) during annealing at 353 K. The work-function
values shown are referenced to that of the clean Cu(100) sample.
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presented are relative to that of clean Cu(100). The elec-
tron work function is observed to decrease rapidly over
the first minute of the anneal, followed by a slower ex-
ponential decrease with a time constant of 7=34.410.9
min. These results are consistent with the removal of
some Pd from the surface during the anneal, which would
be expected to lower the work function, and the time con-
stant is consistent with both the LEED and AES results.
TDS measurements were utilized to look at the surface
composition at different stages of annealing. CO was ad-
sorbed onto the surface at ~100 K to saturation, and the
desorption was monitored with the collimated mass spec-
trometer as the sample was heated. Figure 7(a) displays
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FIG. 7. (a) TDS spectra of CO on 0.5-ML Pd/Cu(100) which
had been annealed for different times at 353 K. (b) The relative
integrated amounts of CO desorbed from Cu and Pd sites as a
function of annealing time at 353 K.
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the TDS spectra as a function of the anneal time. The
two lower-temperature desorption features are identified
as being due to desorption from Cu sites, while the high-
temperature feature is due to desorption from Pd sites.?!

The CO is known to be bound to on-top sites on Pd
and Cu in the ¢(2X2) alloy structure,?! and therefore the
amount of CO desorbed from each species is related to its
surface coverage. Figure 7(b) displays the relative in-
tegrated areas of both the Cu- and Pd-related CO desorp-
tion features as a function of anneal time at 353 K. Ini-
tially 59% of the desorbed CO comes from Pd sites.
There is evidence to suggest that the Cu-like binding sites
have not been saturated, since desorption from these sites
is observed to begin immediately with heating. This
could explain the higher than expected fraction of Pd-site
desorption. This fraction is observed to decrease with an-
nealing in an exponential manner, with a time constant of
7=2616 min. This decrease shows that Pd is being re-
moved from the surface during the anneal, and is being
replaced by Cu. After a 110-min anneal only 12.4% of
the CO desorbs from Pd sites, a 79% decrease from the
initial value.

IV. DISCUSSION

The annealing properties of 0.5-ML Pd/Cu(100) (de-
posited at 295 K) at 353 K were investigated by a variety
of techniques. AES, electron work function, and TDS
measurements all indicate that Pd is being removed from
the surface during the anneal. In the TDS measurements
of CO desorption, which are the most surface sensitive, it
was observed that during a 110-min anneal a significant
number (>70%) of Pd-like binding sites are removed
from the surface. At the same time the LEED intensity
of the half-order spots is observed to decrease by approxi-
mately 50%. The AES observations for the first 20 min
of annealing support a place exchange model between the
surface and second layer, a suggestion which is consistent
with the LEED observations.

It is proposed that during the initial stage of the anneal
some of the Pd migrates from the surface alloy to a
second layer which may be partially composed of an or-
dered alloy, and the surface-layer Pd is replaced by Cu.
As the anneal continues some of the Pd from the second
layer diffuses further from the surface and is replaced by
additional Pd from the surface. This interpretation is
consistent with the positron work-function measure-
ments, which show that a bulk property (the sum of the
positron and electron chemical potentials) is changing
during the anneal. The Pd which migrates away from the
second layer does not migrate far, as the AES signal is
only observed to decrease by 10% (the escape depth for
330-eV Pd Auger electrons is ~10 A). A time constant
of ~33 min has been observed for the overall process of
Pd dissolution by LEED, AES, TDS, and electron work-
function measurements.

The measurements of the positron yield and scattered
fraction suggest that defects are being annealed out of the
sample during the thermal treatment. This process
occurs with a time constant of 82+5 min, which is a
slower time scale than the Pd migration away from the
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surface. It is possible that the defects were (i) originally
present in the near-surface region of the Cu(100) sub-
strate, (ii) associated with surface damage of the sub-
strate, or (iii) introduced in the Pd film during deposition.
In all three cases we suggest that the observed annealing
was assisted by Pd diffusion, both along the surface of the
overlayer and into the substrate, and the accompanying
diffusion of Cu atoms. The (~2X) longer time constant
for defect recovery indicates that the process is diffusion
limited, due to the necessity of interaction between two
dilute distributions of (mobile) Pd atoms and (static) de-
fects.

Of the three possibilities listed above, we favor the
third model of defects grown into the film itself. Our
“starting” yields of ¥ ~35-40 % for clean Cu(100) are
as high as any observed for clean, well-annealed Cu,%20
indicating that no significant concentration of positron-
trapping defects are present. In addition, no effect was
observed in the positron yield measurements of the an-
nealing of the Cu substrate. It is not possible to deter-
mine what these defects are, but one possibility is steps
associated with macroscopic terraces which affect the
positron surface branching ratios. Large terraces
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(>~100 A) would not be detected by the other tech-
niques and would require that a large amount of Pd be
moved to reduce the defect concentration.

The combination of experimental techniques employed
in the present study underscores the need for a broad
spectrum of information if one is to untangle complex is-
sues associated with the growth and dynamics of interest-
ing and potentially practical heterostructures. In the
present study several surface-sensitive techniques, includ-
ing TDS, AES, LEED, electron work function, and RPS
were combined. Data are considered in relation to the
specific depth and structural sensitivities of each of these
techniques, which allows us to develop the microscopic
model for the growth and annealing of Pd on Cu(100)
contained in the present and previous'>!* discussions.
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