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The growth mechanism, structure and thermal stability of monolayer and ultrathin Pd films formed by vapor deposition on 
Mo(100) were studied using AES, LEED, and TPD. Pd film growth at 150 K is described well by a Frank-van der Menve (FM) or 
layer-by-layer growth mechanism with a small amount of layer disorder and/or non-ideal layering. The Pd monolayer is 
pseudomorphic with the Mo(100) substrate lattice as shown by LEED. Pd films deposited on Mo(100) at 450 and 600 K grow by 
forming three-dimensional (3D) islands on top of an initially formed Pd monolayer, i.e., a Stranski-Krastanov growth mode. 
Alloying could also explain the AES curves at these temperatures. Thermal desorption of Pd from multilayer films begins at 1250 K 
with an activation energy of 100 kcal/mol. This is 7 kcal/mol higher than the bulk sublimation energy of palladium due to 
interaction with the molybdenum substrate and was observed for films as thick as 20 layers. Pd desorption is kinetically limited by 
decomposition of a Pd-Mo alloy and/or diffusion of Pd from the subsurface layers of MO to the surface. Annealing studies show 
that the Pd monolayer is stable to 1200 K, but that agglomeration of Pd into 3D islands and possibly alloy formation occurs upon 
heating thicker films above 400 K. 

1. Introduction 

The adsorption of transition metals on metallic 
substrates continues to be of considerable inter- 
est in many areas of science and technology [l]. 
These studies contribute to a fundamental under- 
standing of bimetallic catalysis, thin film physics 
and metal-metal interfaces. In addition, thin 
metal films have been shown to have interesting 
chemical properties. This is perhaps best exem- 
plified by monolayer and ultrathin (bilayer, tri- 
layer, etc.) films of Pd [2-131 on refractory metal 
substrates. The present work is motivated by the 
need to better understand the growth mechanism 
and structure of Pd films formed by vapor deposi- 
tion on refractory metal substrates and to develop 
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a foundation for studies of the chemistry of these 
thin Pd films. 

Much of the structural characterization of Pd 
films formed on metal substrates has been done 
on the (110) faces of Nb [5,12,14-191, Ta [2,12,20], 
MO [21] and W [4,22-251. Indications are that Pd 
grows in a layer-by-layer mode at room tempera- 
ture on each of these substrates. The first layer 
initially grows with a structure that is pseudomor- 
phic with the bee substrate, simply continuing the 
substrate lattice, but the adlayer undergoes struc- 
tural changes at Pd coverages of approximately 
one bee monolayer, i.e., a Pd coverage equal to 
the substrate surface atom density. LEED obser- 
vations of Pd films on Nb(l10) and Ta(ll0) show 
that a first-order structural phase transition takes 
place within the Pd monolayer. This transition 
produces linear arrays of extra spots aligned along 
the shorter axis of the distorted hexagon formed 
by the bee (110) surface. For Pd films on W(110) 
and MoCllO), extra spots in LEED due to a 
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nearly hexagonal, compressed fee (111) Pd struc- 
ture are seen during room temperature deposi- 
tions. As the Pd thickness increases, fee (1111 
planes in the Nishiyama-Wassermann orienta- 
tion, i.e., Pd[ilO] parallel with the substrate [OOll, 
are eventually formed on all four (110) metal 
surfaces. Annealing experiments on all of these 
surfaces have shown the pseudomorphic Pd 
monolayer to be stable to at least 1000 K. Thicker 
films of Pd agglomerate into three-dimensional 
(3D) crystallites during heating. Clear evidence of 
alloying is seen for the Pd/Mo(llO) system upon 
annealing, once the Pd films are thick enough to 
remain continuous [21]. It was proposed that MO 
diffuses into the Pd overlayers to form Pd-Mo 
alloy islands leaving a thin Pd film at the surface. 

Pd adsorption and film growth have also been 
studied on the W(100) surface [4,261. In this case, 
the first three layers grow in a layer-by-layer 
fashion and are pseudomorphic with the sub- 
strate. As a result, these layers are highly strained. 
Above three bee monolayers, additional de- 
posited Pd is incorporated into the first three 
layers. Complex LEED structures were observed 
for thick Pd films and were attributed to dis- 
torted fee Pd(ll1) planes. Thermal desorption 
spectra of Pd from W(100) do not show the usual 
two peak structure seen for many metal-on-metal 
systems, i.e., a low temperature state from subli- 
mation of multilayers and a high temperature 
peak from monolayer desorption, but rather three 
peaks. This indicates a complex interaction of Pd 
with the substrate. 

In the present work we investigate Pd films 
deposited on Mo(100). The growth mechanism 
and thermal stability of the Pd overlayers are 
characterized by using AES, LEED and TPD of 
Pd. Specifically, we want to determine the simi- 
larities and differences between the two faces of 
MO, (100) and (1101, and also compare these 
results on MO with those on the W(100) and 
W(110) surfaces. 

2. Experimental 

The experimental setup has been described 
previously [27] and will only be discussed briefly 

here. AES was carried out using a double pass 
CMA with a coaxial electron gun operating at 3 
kV and 20 PA. The electron beam was at normal 
incidence to the sample and a modulation voltage 
of 6 Vpp was used. The base pressure of the 
chamber was 5 x lo- ii Torr. Pd was deposited 
by resistively heating a 0.5 mm diameter tungsten 
wire which was wrapped with 0.1 mm diameter 
Pd wire (Alfa 99.997%). The Mo(100) single crys- 
tal (Atomergic Chemical Corp. 99.99%) was 
cleaned by heating to 1100 K in 1 x lo-* Torr of 
O,, followed by repeated flashes in vacuum to 
2000 K. The cleanliness of the surface was then 
checked with AES. The temperature of the 
Mo(100) sample was measured by a W-S%Re/ 
W-26%Re thermocouple spotwelded to the side 
of the MO crystal. The heating rate in TPD exper- 
iments was 8 K/s. 

3. Results 

3.1. Pd film growth 

AES was used to determine the Pd film growth 
mode and to calibrate the Pd coverage. AES 
measurements were conducted by monitoring the 
MO 186 eV and the Pd 330 eV derivative Auger 
signals as a function of Pd dosing time, t. All 
AES spectra were recorded with a peak-to-peak 
modulation voltage of 6 V in order to avoid 
complications involved in the change in peak 
shape of the Pd 330 eV transition with Pd cover- 
age [20,21,28]. Several AES spectra obtained in 
this manner were subsequently integrated to in- 
sure that no change in the Pd Auger peak shape 
was observed as the Pd coverage increased. The 
AES signals of Pd and MO normalized to their 
respective bulk signals are shown in figs. 1 and 2 
for three different substrate temperatures. Any 
changes in the Pd dosing rate for measurements 
at different temperatures were accounted for by 
immediately remeasuring the growth curve at 150 
K after each experiment and correcting the time 
axis appropriately. In all cases the MO 186 eV 
signal remained slightly greater than zero for 
thick Pd films due to a small overlapping Pd 
transition. Other MO transitions were monitored 
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and were found to decrease to zero as the Pd film 
thickness increased. The data obtained at 450 
and 600 K overlay that for 150 K up to t = 215 s. 
At longer times for the 450 and 600 K deposition, 
the Pd signal increases and the MO signal de- 
creases at a much slower rate relative to the data 
at 150 K. Between 200 _< t I 560 s, the 450 and 
600 K curves continue to overlay each other, but 
at t = 560 s of dosing time the data obtained at 
600 K shows a slower growth of the Pd signal and 
slower decrease of the MO signal relative to the 
data taken at 450 K. 

Figs. 3 and 4 are an expanded view of the first 
800 s of the Pd growth curves and clearly show 
the divergence of the 150 K and higher tempera- 
ture data at early deposition time. These changes 
are evidence that significant structural differ- 
ences exist between the Pd films deposited at 150 
K and the Pd films deposited at 450 and 600 K 
above t = 200 s. Differences also exist between 
the film deposited at 450 K and the film de- 
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Fig. 1. Pd 330 eV AES signal intensity as a function of Pd 
deposition time on MoWO) at 150, 450, and 600 K. Also 
shown is a model curve for the Pd signal for layer-by-layer 
growth using eq. (1) and the following parameters: A,, = 

7.2 A,, d = 2.25 A,. 
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Fig. 2. MO 186 eV AES signal intensity as a function of Pd 
deposition time on MoflOO) at 150, 450, and 600 K. Also 
shown is a model curve for the MO signal intensity for layer- 
by-layer grtwth using ey. (2) and the following parameters: 
A MO = 5.4 A, d = 2.25 A. The MO signal intensity does not 

reach zero due to an overlapping Pd transition. 

posited at 600 K above t = 560 s. This behavior 
has been seen in many metal-on-metal systems [l] 
and is typically attributed to the adsorbed metal 
forming 3D crystallites, thus reducing the rise of 
the overlayer signal relative to that seen for two- 
dimensional (2D) growth. The 3D character in a 
film can vary with temperature, since different 
crystallite shapes and sizes can be stable on the 
surface at different temperatures, resulting in 
further changes in the AES signals as the temper- 
ature is increased. This explanation is consistent 
with the observed AES measurements and indi- 
cates that the 3D character of the Pd film in- 
creases (crystallites become larger) as the deposi- 
tion temperature increases. 

Two models were used to fit the data in order 
to elucidate the characteristics of these films. The 
first model is the ideal layer-by-layer growth 
mechanism, also known as the Frank-van der 
Merwe (FM) growth mechanism [29-311. This 
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type of growth can be described by each Pd 2D 
layer being formed completely before the subse- 
quent layer begins to grow. In addition the adlay- 
ers are pseudomorphic with the substrate and 
therefore have the same density. In this case, the 
adsorbate and substrate AES signals at the layer 
endpoints are given by [29] 

where IA is the adsorbate signal, I, is the sub- 
strate signal, IZ is the number of layers, Iplk is 
the bulk adsorbate signal, Zplk is the clean sub- 
strate signal, d is the layer thickness, A, is the 
inelastic mean free path (MFP) of the electrons 
giving the adsorbate signal, A, is the MFP of the 
electrons giving the substrate signal and 0 is the 
analyzer collection angle. In our experiment 8 = 
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Fig. 3. Pd 330 eV AES signal intensity for the initial stages of 

Pd deposition. A curve for layer-by-layer growth was fit to the 

150 K deposition. The curves shown at 450 and 600 K are 

simply drawn to guide the eye. 
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Fig. 4. MO 186 eV AES signal intensity for the initial stages of 

Pd deposition. Curves for layer-by-layer growth were fit to the 

150 K deposition. The thick solid line represents the fit which 

includes the clean MO signal intensity while the dashed line is 

the fit which omits this point. The curve shown for the 450 

and 600 K data is drawn simply to guide the eye. 

42 O. A fit of this model to the 150 K data is 
shown in figs. J-4. A goodofit was obtamed by 
using d = 2.25 A, A,, = 5.4 A, A,, = 7.2 A, and a 
monolayer deposition time, t,, of 225 s. The valu: 
of A,, used compares favorably with that of 7.6 A 
calculated from the data of Prigge et al. [26] for 
Pd on W(100). 

In fig. 4 we show the MO AES signal for the 
first 800 s of Pd deposition time and the layer- 
by-layer fit at 150 K (thick solid line). From this 
expanded view it is seen that the MO AES signals 
at 150 and 450 K initially have a very rapid drop 
in intensity while the MO AES signal at 600 K 
does not. This behavior has also been seen for Pd 
deposition on Ta(ll0) and A~(1111 substrates in 
our laboratory, but its physical origin is not un- 
derstood. Because of this we have also fit the 150 
K data omitting the data point corresponding to 
clean MO. This is shown by the dashed line in fig. 
4. In fitting the J50 K data in this way A,, was 
increased to 5.9 A. None of the other parameters, 
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including I,, needed to be changed. Thus, despite 
this initial rapid drop, the monolayer completion 
time, t,, remains at 225 s. This rapid initial drop 
is not critical to the growth determination. Ac- 
counting for the initial drop in the MO intensity 
results in a better fit for the 150 K data in the 
initial growth region while a nearly identical fit is 
obtained at higher deposition times. 

Upon further examination, it can be seen that 
the experimental data for the Pd and MO AES 
signals do not follow the model FM curve near 
the layer completion points, but instead increase 
and decrease, respectively, more smoothly than 
expected. This makes it difficult to identify the 
monolayer completion time. This is shown clearly 
for Pd in fig. 3 and for MO in fig. 4. One possible 
explanation is that the growth mode changes as 
the film becomes thicker. In order to analyze this 
possibility, we have fit the model to the data 
taken at 150 K with emphasis on the initial growth 
(t < 300 s) and compared this fit with that ob- 
tained by fitting of the entire Pd deposition curve 
to t = 4000 s. Fig. 5 shows that the FM fit to the 
initial portion of the uptake is good only up to 
t = 340 s. Above this time, the experimental data 
lie above the predicted curve. Since the layer-by- 
layer growth mode is the most efficient mecha- 
nism for increasing the adsorbate AEB signal, this 
could only occur if the second and subsequent 
layers grew with a higher density than the first 
monolayer, i.e., more Pd is incorporated into the 
layers. The driving force for this occurrence is to 
relieve the large lattice strain which would be 
present in the first two pseudomorphic layers of 
Pd. The interatomic distances of Pd(100) and 
Mo(100) are 2.75 and 3.15 A, respectively. This 
results in a 12.7% strain in both the (001) and 
(010) directions and causes a reduction in the 
surface atom density of 23.6% relative to Pd(100). 
Incorporation of additional Pd into the layers 
exceeding the pseudomorphic monolayer has pre- 
viously been used to explain the deviation of the 
experimental data from the expected FM growth 
in the case of Pd on W(100) [26] in which a 
similar lattice mismatch occurs. 

In order to estimate uncertainties in our cover- 
age and structure determination we have also 
modeled the experimental data at 150 K with a 
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Fig. 5. Comparison of the Pd 330 eV AES signal intensity for 
Pd growth on MdlOO) at 150 K to layer-by-layer model 
curves. The thick line is a fit to data for the entire film while 
the thin line is a fit with emphasis on the first 300 s. The 
arrows indicate where each fit predicts the monolayer comple- 

tion point. 

3D crystallite (Volmer-Weber, VW) growth 
mechanism. In the crystallite model we use here, 
discussed in detail by van Delft et al. [32], Pd 
grows as three-dimensional rectangular crystal- 
lites and the base of these crystallites is allowed 
to expand as the Pd coverage increases. The 
adsorbate and substrate AES signals are given by 

IA 
Ibulk =P[l- (1 -a)j] + (1 -a)jUOj+l, 

(3) 

A 

-& = 1 -p +psj--sj(1 -+ej+,. (4) 
‘S 

Here p is the relative coverage of the crystallite 
foot, a is the monolayer adsorbate Auger signal, 
s is the substrate monolayer transmission, j is the 
number of layers formed (these layers do not 
necessarily cover the entire surface) and ej+i is 
the relative coverage of the layer which is form- 
ing. If it is assumed that the coverage, 8, is 
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proportional to time (0 = ct) and that the growth 
rate of the crystallite foot is proportional to the 
free uncovered substrate surface, then p is given 

by 

p=l-exp(-uct). (5) 

The parameter u is then a measure of lateral 
growth relative to the total crystallite growth. 
When u = 03, an ideal FM growth is obtained. 
The growth is through local condensation for 
1 < u < m and for u I 1, the growth is via 3D 
crystallites. In addition to u, the values of the 
adsorbate Auger signal at one monolayer, a, the 
monolayer transmission for the substrate, s, and 
the monolayer deposition time are varied to ob- 
tain the best fit. The monolayer adsorbate Auger 
signal, a, is related to the adsorbate MFP, A,, 
through eq. (1): 

(6) 

where Z*(l) is the Auger signal for one mono- 
layer of adsorbate. Similarly the substrate mono- 
layer transmission, s, is determined by the sub- 
strate MFP, A,, through eq. (2): 

(7) 

where Z,(l) is the Auger signal for the substrate 
with one monolayer of adsorbate on it. Thus, the 
values of a and s depend on A, and A,. For th,e 
Pd transition at 330 eV, A,, values from 5.8 A 
[25] to 8.16 A [21] have been reported. As a 
starting point, 7.2 A was used which is the value 
determined by the best fit to the FM growth. The 
other parameters were then varied to obtain the 
best fit for the 3D crystallite growth mode. The 
result is shown in fig. 6 by the thin solid line 
which clearly fits the data quite well. The result- 
ing parameters are A,, = 5.47 A, u = 1.1 and a 
monolayer deposition time of 215 s. According to 
this model, the Pd begins growing two-dimension- 
ally but each successive layer starts to form be- 
fore the previous layer is completed. This type of 
growth has been described as a simultaneous 
multilayer growth [29] or local condensation. Due 
to the low adatom mobility the impinging Pd 
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Fig. 6. Comparison of the Pd 330 eV AJZS signal intensity for 

Pd growth on Mo(100) at 150 K to layer-by-layer growth and 

crystallite growth curves. The thick line is from the layer-by- 

layer growth model and the thin line is from the crystallite 

growth model. 

atoms stick at their point of impact. This freezes 
in a non-equilibrium structure in the Pd film. It is 
known from UHV microscopy studies 1331 that 
the number density of clusters increases with 
decreasing temperature as smaller nuclei become 
stable on the surface. Thus, the clusters are re- 
duced to single atoms in the low temperature 
limit. It is this type of distribution which will 
result in similar AES plots as the FM growth 
mode and cause the “rounding” at the expected 
break points in the AES growth curves as has 
been shown previously 134,351. Modeling the data 
in this way points out that even if the AES 
growth curve is initially linear, a small amount of 
crystallite growth may be present. It must be 
emphasized that this is not a unique fit and that 
fits of equal quality were obtained for different 
values of A, monolayer deposition times and val- 
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ues of u. Even if a unique fit could be obtained it 
is difficult to use this model in a quantitative 
manner due to the potentially unrealistic crystal- 
lite shape and lack of knowledge about the distri- 
bution of crystallite shapes and sizes. It is likely 
that the disagreement of t, in our data is some- 
what less than that shown in fig. 6 since the 
cluster growth model overestimates the 3D char- 
acter of the films due to the imposition of a 
rectangular crystallite shape and therefore pre- 
dicts a monolayer completion time which is too 
short. Rather, it is more likely that the crystallites 
are pyramidal or hemispherical [32]. 

As mentioned above, we are particularly inter- 
ested in the calibration of the monolayer deposi- 
tion time, t,, at 150 K. In order to estimate the 
uncertainty associated with this determination we 
have taken into account the range of monolayer 
deposition times predicted by all the fits to the 
data. Using these values (including the VW 
growth) an uncertainty of f20% results. This 
amount of uncertainty is, no doubt, common to 
many studies of metal-on-metal systems, but an 
estimate of the error limits in the film coverage 
has only rarely been reported. 

From all of the simulations, it is clear that 
there is only a small deviation from the ideal 
layer-by-layer growth at 150 K. The fit of the 
layer-by-layer model curve to the initial stage of 
growth suggests that deviation from ideal layer- 
by-layer growth begins in the second layer when 
the film becomes more dense. The high quality fit 
of the layer-by-layer model to the entire deposi- 
tion curve and the crystallite growth fit imply the 
deviation from ideal layer-by-layer growth is pre- 
sent throughout the uptake but is quite small. 
Because of the low temperature it is unlikely that 
a Pd atom would be able to surmount the barrier 
associated with incorporation into an existing 
layer. Because of this we favor local condensation 
which mimics layer-by-layer growth as the best 
description of the growth at 150 K although, we 
cannot entirely rule out the growth of one pseu- 
domorphic layer followed by the growth of more 
dense layers. We therefore base our assignment 
of t, = 225 s on the best fit of the entire growth 
curve to the ideal FM growth, keeping in mind 
that there will be some small amount of defects 

in the film and an associated uncertainty of f 20% 
in the coverage determination. 

LEED observations after Pd film deposition at 
150 K showed the (1 x 1) pattern of the substrate 
and an increase in the background intensity. The 
(1 x 1) pattern persisted for films as thick as 20 
layers. No additional spots were observed at any 
coverages in the as deposited films. Since the 
LEED studies show a pattern consistent with 
pseudomorphic growth, we define the Pd mono- 
layer to be a bee (100) layer with a surface atom 
density equal to the Mo(100) substrate, and sub- 
sequently refer to the Pd coverage, Ord, refer- 
enced to 8,, = 1 at this density. 

Modeling of the 450 and 600 K data was also 
attempted with the ideal FM and the crystallite 
growth modes discused above. Neither of these 
models fit the data with good agreement over the 
entire range. Because of this, two models of 
layer-plus-cluster growth (Stranski-Krastanov, 
SK) were then used in order to estimate the 
average 3D cluster thickness of the films de- 
posited at 450 and 600 K. We first used an 
idealized model of layer plus island growth which 
grows clusters of a fixed depth which are re- 
stricted to grow laterally until a uniform film is 
obtained. This corresponds to drawing a straight 
line between the monolayer end point and the 
layer of appropriate thickness. This model, has 
recently been used by Taylor et al. [35] to esti- 
mate the 3D character of Ag on Cu(ll0). Using 
this procedure, we find that clusters four layers 
thick model the 450 and 600 K data in the initial 
cluster regime very well, but deviate from the 
data for t > 500 s. We then used an SK growth 
model which allows the cluster base to expand as 
the adsorbate coverage increases, as explained 
above for the VW growth mode. We find that this 
model, with initial growth of a 2D layer followed 
by clusters four layers thick, fit the 450 K data 
well up to t = 900 s and the 600 K data up to 
t = 560 s. For 560 I t I 1600 s the data obtained 
at 600 K could .be modeled well with crystallites 
14 layers thick. These results are shown in fig. 7. 
By modeling the 450 and 600 K data in this way it 
is clear that the structure of the Pd film does not 
remain constant as it grows thicker, but instead 
the size and shape of the clusters change as a 
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Fig. 7. Comparison of the Pd 330 eV AES signal intensity for 
Pd growth on Mo(100) at 450 and 600 K with layer-by-layer 

and layer-plus-cluster growth models. 

function of the Pd coverage. Again a unique fit 
cannot be obtained due to a lack of knowledge of 
the crystallite size and shape. It is important to 
point out that a similar behavior of the AES 
signals is expected for alloy formation between 
the adsorbate and substrate. While it seems un- 
likely for alloying to occur at these relatively low 
temperatures, we cannot rule out this possibility 
especially in light of the low temperature alloying 
seen in the Pd/Mo(llO) system [21]. 

3.2. Thermal stability of Pd films 

Annealing experiments were carried out on 
films of various thicknesses in order to character- 
ize their thermal stability. Fig. 8 shows a plot of 
the Pd Auger signal versus annealing tempera- 
ture. The MO AES signal of all the films studied 
showed complimentary stability and change. This 
is shown in fig. 9. The ePd = 0.5 and 8,, = 1.2 
films are stable up to a temperature of 1325 and 
1200 K, respectively, as measured by AES. For 
6,, = 0.5, annealing temperatures exceeding 1325 

K cause a sharp drop in 13,~ to occur due to 
desorption and/or interdiffusion of Pd and MO. 
A similar behavior is seen for the 6,, = 1.2 film 
at temperatures exceeding 1200 K. The Pd signal 
reaches zero by 1450 K in both cases. For 8,, = 
2.2, a slow decrease in the Pd signal begins at 
approximately 400 K and continues until 870 K. 
At this point a rapid drop occurs, followed by 
another slow decrease to 1250 K. Interdiffusion 
and/or desorption of Pd then causes the Pd 
signal to rapidly decrease to zero by 1450 K. The 
thick (or, > 20) Pd film shows very similar behav- 
ior to the 0,, = 2.2 film, but with decreases in the 
Pd signal at slightly higher temperatures. This is 
probably due to our inability to see small changes 
in these thick films. 

The observed changes in the Auger signals of 
both Pd and MO indicate important structural 
changes occur in the thicker films upon heating 
above 150 K. There appears to be four annealing 
stages. The first stage extends up to 400 K. In this 
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Fig. 8. Pd 330 eV AES signal intensity as a function of 
annealing temperature for several Pd film thicknesses. 
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Fig. 9. MO 186 eV AES signal intensity as a function of 
annealing temperature for several Pd film thicknesses. 

region the Pd layers are fairly stable. In the 
second stage, from 400 to 870 K, Pd films exceed- 
ing 13,~ = 1 begin to form 3D clusters. In the third 
stage, which extends from about 870 to 1200 K, 
Pd films exceeding 8,, = 1 either form larger 3D 
clusters or begin to alloy with the substrate caus- 
ing a rapid drop in the Pd AES signal at 870 K. 
This could be the onset of alloying and the for- 
mation of a relatively stable surface alloy could 
account for the stability to 1200 K. Above 1200 K 
desorption and interdiffision become fast and a 
drastic reduction in the Pd AES signal is ob- 
served. 

The annealing behavior of Pd films was also 
investigated with LEED. At temperatures below 
300 K, it has been reported that clean Mo(100) 
reconstructs to give a quartet of spots around the 
(l/2, l/2) positions with a splitting of l/8 to 
l/9 that of the normal spots [36]. This was not 
observed during our LEED experiments possibly 
due to a small hydrogen, carbon, or oxygen con- 
taminant which is known to impede the recon- 
struction [36], although AES gave no indication 

of their presence. Other investigators have also 
not seen this pattern. Deposition of 8,, = 0.5 at 
150 K caused a small increase in the background 
intensity, but no new spots. Upon annealing to 
600 K, a fuzzy c(2 X 2) pattern was observed. This 
pattern has also been reported for Ag and Cu on 
Mo(100) [37] and could be due to randomly dis- 
tributed c(2 x 2) islands since the coverage is 
near 0.5 monolayers. This pattern persists up to 
1300 K. Deposition of epd = 1 at 150 K produced 
an increased background intensity with no addi- 
tional spots. New spots were not observed until 
the film was annealed to 1300 K. This produced a 
c(6 x 2) pattern. For a 8,, = 2 film, no new LEED 
spots were observed until it was annealed to 1500 
K. This produced a faint c(2 X 2) structure. An- 
nealing to this temperature causes Pd to desorb 
and AES showed that only 0.5 monolayers of Pd 
was left on the surface. Thus, this pattern is most 
likely due to randomly distributed ~$2 x 2) is- 
lands. For thick Pd films (0, = 20) a complex 
LEED pattern was seen at 450 K. When the film 
was annealed to 900 K, this pattern evolved into a 
(2fi x &)R45 o pattern. This structure has also 
been observed for thick Pd films on W(100) [26] 
and was attributed to distorted Pd(ll1) planes, 
although this did not account for all of the ob- 
served spots. Annealing between 900 and 1300 K 
resulted in complex LEED patterns which could 
not be interpreted by us in a meaningful way 
without additional studies. At 1300 K the 1 X 1 
pattern of the substrate returned and the AES 
signals corresponded to those of 8,, = 1.5. How- 
ever, at these high temperatures alloying almost 
certainly occurs and this can be interpreted sim- 
ply as the pseudomorphic Pd monolayer on top of 
an alloy structure. 

Desorption of Pd from Mo(100) for various 
films is shown in fig. 10. Only one desorption 
peak is seen for temperatures up to 1530 K, the 
highest temperature that we studied. The spectra 
for &, 2 3.6 somewhat resemble that expected 
for zero-order desorption kinetics. However, a 
small amount of “undercutting” in the initial 
stages of desorption and the high temperature 
tails of the peaks which do not suddenly fall to 
the baseline indicates more complex kinetics than 
simple zero-order. Arrhenius plots yield an acti- 
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Fig. 10. Pd TPD spectra for several initial Pd coverages on 
Mo(100). 

vation energy of desorption, E, = 100 * 4 kcal/ 
mol for these curves. This value is higher than the 
bulk sublimation energy of Pd which is 93 
kcal/mol [38] and indicates that Pd desorption is 
influenced by the substrate even for thick films. 
For 1.4 I 8,, I 3.6 monolayers the desorption 
spectra are symmetric about the peak maximum, 
more resembling first- or second-order kinetics, 
but the temperature of the peak maximum in- 
creases with increasing Pd coverage. No Pd des- 
orption was detected for 13,~ I: 1.1 due to either a 
poor signal-to-noise level for this amount of Pd or 
no Pd desorption at these coverages. For all Pd 
coverages studied, AES spectra taken after TPD 
show 0.1 to 0.2 monolayers of Pd remaining in 
the surface region. One possible explanation of 
the unusual desorption curves is that Pd desorp- 
tion is occurring from a Pd-Mo alloy. For ePd I 1, 
the Pd diffuses into the bulk of the crystal. For 
thicker films, alloy formation occurs at low tem- 
peratures, at 800 K or even lower. As the temper- 
ature is increased above 1250 K, Pd at the surface 
begins to desorb and Pd in the near surface 
region diffuses to the surface and this is the rate 

limiting step for Pd desorption. First-order kinet- 
ics of diffusion results in the desorption peak 
being symmetric about the peak maximum. Pd is 
more readily available at the surface as the films 
become progressively thicker and the peaks take 
on a nearly zero-order peak shape. 

4. Discussion 

In the Pd/Mo(lOO) system at 150 K, two-di- 
mensional Pd layers are formed with layer disor- 
der and/or non-ideal layering. This non-ideal 
layering causes “rounding” observed in the AES 
measurements of the Pd deposition. From the 
AES data we cannot uniquely determine the ex- 
tent to which clustering occurs or the distribution 
of shapes and sizes of the clusters. However, 
based on the results of the fit with the crystallite 
growth mechanism and good overall agreement 
with the layer-by-layer fit it can be infered that 
the growth is mostly two-dimensional with only a 
small amount of defects in the film due to the 
limited adatom mobility. LEED observations of 
the “as-deposited” film show only an increased 
background intensity which is consistent with this 
description of Pd growth. 

The growth mechanism clearly changes as the 
temperature of deposition is increased. This can 
be attributed to a change from a two-dimensional 
layer-by-layer (FM) growth to a two-dimensional 
layer plus 3D island (SK) growth. By 450 K the 
Pd adatoms become more mobile and are able to 
agglomerate into 3D crystallites. These clusters 
are on average four layers thick in the initial 
cluster regime. The difference between the films 
deposited at 450 and 600 K could be a change in 
the sizes and shapes of crystallites. This is shown 
by modeling with the SK growth mode, but we 
cannot rule out the possibility of alloy formation 
or a combination of these effects. Studies of the 
Pd/Mo(llO) system concluded that alloy forma- 
tion began at 750 K [211. Since the (100) face of 
MO is more open than the (110) face, Pd on 
Mo(100) may be susceptible to alloying at even 
lower temperatures. 

Annealing experiments are also consistent with 
this description of Pd film growth. Films of 8,, I 
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1 are stable to high temperature. This is likely 
due to a strong Pd-Mo bonding interaction. 
Thicker films undergo structural changes upon 
annealing indicative of metastable layers. These 
layers form large 3D crystallites upon heating 
which results in the decrease of the Pd and 
increase of the MO AES signals. It is clear from 
TPD experiments that a Pd-Mo alloy is formed 
at some point. Unfortunately, TPD only gives 
information about the system being studied at the 
desorption temperature. Because of this we can- 
not determine the exact temperature at which the 
alloy begins to form. 

Comparisons with Pd films on Mo(l10) 1217 
show interesting similarities and differences. A 
Pd-Mo alloy is formed in the Pd/Mo(llO) sys- 
tem and is also seen in this work. This alloy may 
be composed of Pd-Mo alloy layers with a Pd 
monolayer remaining on the surface as proposed 
by Park et al. 1211. Several layers of Pd must be 
present on the surface for alloy formation to 
occur at low temperature. No place exchange to 
form a two-dimensional surface alloy occurs for 
8,, I 1 up to temperatures where bulk diffusion 
is expected to occur. This is consistent with sur- 
face free energy considerations since the MO sur- 
face free energy of 2.28 J/m2 [39] is much higher 
than the Pd surface free energy of 1.63 J/m2 f39]. 
Another similarity is the change in growth mode 
as the deposition temperature is increased. The 
transition from 231) growth to layer-plus-cluster 
growth occurs at 550 K for Pd/Mo(llO) and by 
450 K for Pd/Mo(lOO). LEED observations on 
both surfaces show that the first layer is pseudo- 
morphic with the substrate lattice. However, 
above epd = 1 extra spots appear on the (110) 
surface which are attributed to a Pd fee (111) 
structure. No similar Pd(lll) spots were ever 
observed for Pd/Mo(lOO) surface and LEED 
spots characteristic of the substrate spots were 
visible even for thick films (8,, = 20). Thus, it 
appears that the Mo(100) surface imposes its 
structure on the Pd layer to a greater degree than 
the (110) surface. Thick Pd layers are metastable 
and agglomerate into clusters upon annealing. 
The first two Pd layers on Mo(ll0) are stable to 
nearly 1100 K whereas only the first Pd layer is 
stable on the (100) face. 

Pd layers have been found to grow in a layer- 
by-layer fashion at room temperature for up to 
four layers on W(110) [25] and up to three layers 
on W(100) [26]. On W(lOO), deviation from the 
ideal FM growth for Pd coverages greater than 
three layers was attributed to incorporation of 
additionally deposited Pd into the first three lay- 
ers, i.e., an increase in the density of the film. 
The deviation from layer-by-layer growth which 
we see for Pd/Mo(lOO) could likewise be at- 
tributed to this effect. However, due to the low 
adatom mobility at 150 K we feel it is due to 
imperfect layering. A direct ~mpa~son between 
these two systems is complicated by the differ- 
ence in temperature of deposition. The Pd/ 
W(100) system was not modeled with a ?W 
growth model in order to determine if imperfect 
layering could be ruled out. LEED observations 
of Pd coverages greater than 2.5 monolayers on 
W(l~) show a pattern which, although it does 
not account for all the spots, has been attributed 
to distorted Pd(ll1) planes. This LEED pattern 
is seen on Mo(100) only after annealing a thick 
film to 900 K. Alloying will be occurring in the 
Pd-Mo system so the interpretation of a similar 
pattern for Pd/Mo(lOO) is not clear. Annealing 
experiments of Pd on W(100) show that Pd layers 
subsequent to the second one agglomerate into 
three-dimensional islands while on W(110) only 
the first layer is stable. This is the reverse of the 
situation on MO and is surprising in light of the 
similar lattice constants and electronic structure 
of MO and W. Desorption of Pd from W(110) 
yields a two peak structure, with the low temper- 
ature peak being assigned to desorption of Pd 
from Pd multilayers and the high temperature 
peak being due to desorption from the first 
monolayer on W. More complex Pd TPD spectra 
are observed on W(100). This complexity in Pd 
desorption is lacking for Pd on Mo(100). 
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