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Using transmission electron microscopy we have studied the influence of the electron beam in an
electron microscope onto platinum clusters deposited on a thin single crystallineg-Al2O3 film
grown by oxidation of NiAl~110!. At electron current densities belowj '1 A/cm2 no influence is
observed. Movement and coalescence of clusters occur at electron beam current densities between
j 52 and some 10 A/cm2. For current densities aroundj 550 A/cm2 decoration of steps takes place.
Further increase toj 5100 A/cm2 and above induces drilling of holes into the substrate by clusters.
At such current densities also melting of the clusters may occur. Due to the heat capacity of the
system the result does not only depend on the electron current density but also on the irradiation
time. © 1999 American Vacuum Society.@S0734-2101~99!04202-5#
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I. INTRODUCTION

Transmission electron microscopy~TEM! is well suited to
study deposited clusters. Information on the lattice struct
and the morphology as well as on aspects of the chem
composition1–3 may be obtained. In a previous TEM stud4

and investigations performed under ultrahigh vacuum~UHV!
conditions using electron spectroscopy and structu
methods5–10 we have characterized metal clusters depos
on a thin ordered aluminum oxide film grown on NiAl~110!
and the oxide film itself with respect to structure and el
tronic properties. It was shown that small clusters exh
reduced lattice constants and that their chemical activity
fers from that of massive material.4,7–10 These results are
interesting from the viewpoint of catalysis. With TEM sing
clusters may be studied so that it was possible to estab
cluster size/lattice constant relationships. In connection w
investigations using infrared spectroscopy, thermal des
tion spectroscopy~TDS!, and photoelectron spectroscop
@angle resolved ultraviolet photoelectron spectrosco
~ARUPS!, x-ray photoelectron spectroscopy~XPS!#7–11 this
permitted to trace the chemical activity of the clusters ba
to structural and electronic properties.

In this publication we will deal with limitations of studie
using transmission electron microscopy, i.e., with the infl
ence of the electron beam onto the system. It is known
the electron beam may modify the system. This includ
chemical modifications, desorption, and hole formation.12,13

Clusters on the surface may start to move around and t
structure or their shape may change.14–16Also charging, cou-
lomb explosion and quasimelting have been reported.16–20In
order to judge the effect of the electron beam in TEM on
previously studied Pt/g-Al2O3/NiAl ~110! system4 we have
exposed this system to electron beams with different cur
densities. At current densities typically used for TEM
modifications could be observed. However, higher densi

a!Author to whom correspondence should be addressed; electronic
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led to cluster movement, step decoration, coalescence an
very high current densities, to burning of holes into the su
strate. The latter may in principle be viewed as a method
prepare nanoholes of a well defined diameter.

II. EXPERIMENT

The NiAl~110! sample was circularly shaped with a diam
eter of about 3 mm and a thickness of approximately 3
mm. It was cut from a NiAl single crystal rod, oriented wit
Laue backscattering and polished using standard proced
After this it was bombarded with argon ions ('3 mA, 5
keV! in an ion milling system~type RES100, made by Bal
tec! until a small hole with a diameter of about 1 mm w
formed in the center of the sample as shown in Fig. 1. In
vicinity of the wedge the sample was sufficiently thin f
transmission electron microscopy.

The sample was prepared in an UHV chamber equip
with facilities for ion bombardment and low energy electr
diffraction ~LEED!. In this chamber also the metal cluste
were deposited. The oxide film was prepared by oxidation
the NiAl~110! sample at elevated temperature according t
procedure published elsewhere.21 It is about 5 Å thick and
well ordered. Although the oxide exhibits a complicat
LEED pattern indicative of a large unit cell in real space
base structure is similar to that ofg-Al2O3(111).21,22 In the
vicinity of the wedge also unsupported aluminum oxide
formed so that differences between supported and un
ported oxide could be studied.23

Platinum clusters were deposited onto the film by therm
evaporation. The flux of the evaporator was calibrated us
a quartz microbalance and the amount of deposited platin
was determined by multiplying the flux by the depositio
time.

After oxide preparation and cluster deposition the sam
was transferred into the electron microscope. During
transfer the sample was exposed to air for some minute
has been shown previously that neither the oxide nor
il:
577/17 „2…/577/7/$15.00 ©1999 American Vacuum Society
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clusters are notably modified by this procedure.23 In particu-
lar, the clusters do not get oxidized.

The TEM studies have been performed in a Hitachi 81
electron microscope with a beam energy ofEkin5200 keV,
beam currents of up to 5mA ~LaB6 cathode!, and an ultimate
lattice resolution of 1.44 Å. For spectroscopy means it
equipped with facilities for energy dispersive x-ray analy
~EDX!.

Since the studies discussed in this article deal with
influence of the electron beam we had to vary the curr
density which was achieved by changing the focus of
electron beam and the size of the condenser aperture.
very high electron currents a limiting aperture in beam f
mation unit was removed.

The experiments were performed as follows: First a h
resolution TEM image of the regime chosen for investigat
was taken. For this purpose electron current densities
aboutj 50.1 to 2 A/cm2 were employed which do not lead t
visible modifications of the sample according to our studi
After this the sample was irradiated for a defined time w
an electron beam of defined intensity. For these experim
the microscope was driven in a mode not suitable for h
resolution so that it was not possible to monitor the induc
changes by taking TEM images during the irradiation. The
fore a TEM image was taken after the irradiation to doc
ment changes in the system. Typically 1–3 min were nee
to the change the operation mode of the microscope. So
times also several successive cycles of electron beam irra
tion followed by recording of a TEM image were employe

III. RESULTS AND DISCUSSION

In Fig. 2 the effect of electron bombardment withj 515
A/cm2 for 20 s is shown. Irradiation times smaller than 15
did not induce visible changes, indicating that the effe
induced by the electron beam are at least partly of ther
nature. Figure 2~a! has been taken near to the edge of
hole in the sample so that regions with supported~dark re-
gion! and unsupported~light region! oxide show up. The
small dark spots with diameters of about 10–20 Å are
deposited platinum clusters. Three enlarged parts of Fig.~a!
are shown in Figs. 2~b! ~supported oxide!, 2~c! and 2~d! ~un-
supported oxide!. Images of the same regions after electr

FIG. 1. Schematic drawing of the sample used for the TEM experimen
J. Vac. Sci. Technol. A, Vol. 17, No. 2, Mar/Apr 1999
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irradiation are displayed in Figs. 2~b8!, 2~c8!, and 2~d8! so
that the irradiation induced modifications are obvious from
comparison with Figs. 2~a!, 2~b!, and 2~c!.

The main effects are motion of clusters and coalescen
No degradation of the oxide film could be detected by vis
inspection of the images. Arrows in Figs. 2~a!, 2~b!, and 2~c!
mark clusters that are subject to changes whereas the ar
in Figs. 2~a8!, 2~b8!, and 2~c8! indicate the directions of clus
ter movement. There is only one example of cluster mo
ment@e.g., cluster 4 in Figs. 2~c!/2~c8!#, but several examples
are indicative of coalescence@e.g. 1, 2 in Figs. 2~b!/2~b8!, 1,
2, 3 in Figs. 2~c!/2~c8!, 1 and the three clusters in the marke
regime in Figs. 2~d!/2~d8!#. The marked range in Fig. 2~d8!
contains three clusters that are just about to coalesce
indicated by the complicated shapes of the cluster in 2~d8!
the process was possibly not finished when the electron b
was switched off. Of course, also defects on the subst
may lead to the observed shape.

The analysis reveals no obvious differences between c
ters on supported and on unsupported oxide. As expe
there is a dependency of cluster movement on the clu
size. This is illustrated by the data exhibited in Fig. 2 whi
show that small clusters with sizes of 10–15 nm are m
likely to move than the larger ones. Although movement
unlikely for large clusters there may be changes of the clu
shape towards energetically more favorable ones as indic
by the behavior of clusters 3 and 4 in Figs. 2~b! and 2~b8!.
Figure 2 shows that the mean diffusion length of the clust
is about 15 Å under the chosen experimental conditions.

.

FIG. 2. Structural modifications and motion of Pt clusters due to elect
beam irradiation. a! overview taken before irradiation.~b!, ~c! and ~d! dif-
ferent parts of~a!. ~b8!, ~c8! and~d8! same regions on the surface as~b!, ~c!
and~d! but after electron irradiation withj 515 A/cm2 (Ekin5200 keV! for
t520 s. The average thickness of the platinum film was one monola
(QPt51.0 ML! and the surface temperature during metal deposition was
K.
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In Ref. 24 results of studies of platinum clusters on
carbon substrate are reported. On this substrate coalesc
of clusters towards multiply twinned particles~MTP! has
been observed which may be traced back to the wea
platinum/carbon interaction as compared to the present
where the interaction is strong.7–11,25

One interesting point to note is that there is only o
observation of cluster movement in Fig. 2 although there
many events of cluster coalescence. If the motion of the c
ters on the surface was fully statistical then the moti
coalescence ratio should be different. This indicates
there is some type of far-reaching attractive force betw
the clusters which is most likely due to a modification of t
oxide in the regime near to the clusters. Here modificati
of electronic as well as geometric nature have to be con
ered. This is supported by LEED patterns
Pt/Al2O3/NiAl ~110! which exhibit strongly damped oxid
spots after deposition of only a small amount of platinum25

Since part of the clusters on the surface coalesce u
electron beam irradiation there must be a change of the c
ter size distribution. This effect is depicted in Fig. 3 whe
size distributions of clusters on supported@Figs. 3~a!/3~a8!#
and unsupported oxide@Figs. 3~b!/3~b8!# are exhibited before
and after electron beam irradiation withj 515 A/cm2 (Ekin

5200 keV! for 20 s. The corresponding statistical data a
given in Table I. These data show that the cluster density
the surface is reduced by 27% for the unsupported ox
whereas the reduction for clusters on supported oxide
21%. This is accompanied by an increase of the mean clu
size ~see Table I!. There are no statistically significant di

FIG. 3. Pt-cluster size distributions before@~a!, ~b!# and after@~a8!, ~b8!#
irradiation with a strong electron beam (j 515 A/cm2, Ekin5200 keV, t
520 s!. ~a! and ~a8! are distributions of Pt clusters on supported Al2O3

whereas~b! and ~b8! correspond to clusters on unsupported oxide. The
erage thickness of the platinum film was one monolayer (QPt51.0 ML! and
the surface temperature during metal deposition was 300 K.
JVST A - Vacuum, Surfaces, and Films
nce

er
se

re
s-
/
at
n

s
d-

er
s-

e
n
e
is
ter

ferences between clusters on supported and unsupporte
ide.

The effect of different current densities is illustrated
Fig. 4 which shows the evolution of the system after succ
sive irradiation with increasing electron current densiti
From visual inspection it is obvious that the cluster size
creases with increasing current density. But there is also
effect on the oxide. After irradiation withj 580 A/cm2 the
oxide/vacuum borderline appears to be smoothed wh
points towards melting or other electron beam induced da
age of the oxide in this region. This may be the reason
the observation that there are also no clusters near to
borderline in Fig. 4~d!. The unsupported oxide near to th
NiAl substrate did possibly not melt due to a more efficie
transfer of heat into the metal.

Cluster size distributions obtained after irradiation w
electron beams of the same current densities as used fo
data shown in Fig. 4 are displayed in Fig. 5. This figu
clearly supports the conclusion derived from visual insp
tion of Fig. 4: the mean cluster size increases significan

-

TABLE I. Statistical data for the distribution of clusters in Fig. 2.

Unsupported oxide Supported oxide

Before After Before After
irradiation irradiation irradiation irradiation

Cluster density@1012/cm2# 8.4 6.1 7.4 5.8
Covered surface area@%# 20.2 19.4 19.2 18.5
Mean cluster diameter@Å# 19.3 21.4 20.1 22.8
Number of evaluated

clusters
72 53 52 41

FIG. 4. TEM images of Pt clusters on Al2O3/NiAl ~110! near to the edge of
the wedge obtained after irradiation with electron beams of different in
sities (Ekin5200 keV!. ~a! before irradiation.~b! j 510 A/cm2, t530 s.~c!
additional irradiation withj 540 A/cm2, t530 s. ~d! additional irradiation
with j 580 A/cm2, t530 s. The average thickness of the platinum film w
one monolayer (QPt51.0 ML! and the surface temperature during me
deposition was 300 K.
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with increasing current density. Some statistical data
listed in Table II.

From the statistical data shown in Fig. 5 and the kno
amount of deposited platinum the mean height of the clus
may be calculated. Results are displayed in Fig. 6. The fig
shows that the mean cluster height increases only slig
with increasing mean cluster diameter indicating that the
teraction with the oxide is so strongly bonding that the cl
ters are not able to reduce their surface area by increa
their heights which would minimize the surface free ener
Since the surface areas of the clusters and the direct clu
oxide interaction energies are approximately the sums of
corresponding values of the clusters before coalescenc
the case of rather flat clusters, there may only be a sm
energy gain upon coalescence when only these energie
considered. However, energies connected with the size o
borders decrease strongly when the clusters coalesce.
the energies due to the modification of the oxide near to
clusters and the cluster/oxide interaction at the border of
clusters are to be mentioned. Therefore the reduction of th
energies may be the main driving force for cluster coal
cence.

FIG. 5. Pt-cluster size distributions obtained after irradiation of the sam
with electron beams of different intensities.~a!, ~b!, ~c!, and~d! correspond
to the four TEM images in Fig. 4. The results shown here include data
clusters on supported and unsupported oxide.
J. Vac. Sci. Technol. A, Vol. 17, No. 2, Mar/Apr 1999
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Current densities abovej 580 A/cm2 lead to decoration
of steps on the supported oxide by clusters. This effec
reversible since the decoration is not observed after the e
tron beam has been switched off. It could not be pho
graphed because the microscope was driven under condi
which prevented image photography so that no image
shown here. Electron diffraction images indicate that the o
entation of the clusters with respect to the substrate does
change upon coalescence. As shown previously1 the orienta-
tion of the clusters is Pt@111#iNiAl @110# and
Pt@11̄0#iNiAl @001#.

A further strong increase of the electron current density
values of j 5150 A/cm2 and above leads to an interestin
effect. At such current densities the clusters burn holes
the substrate. Hollows as well as deep holes may be form
Two examples are shown in Figs. 7 and 8. The current d
sities have beenj 5150 and 200 A/cm2, respectively. The
structure of the NiAl~110! substrate is still visible at the bot
tom of some holes showing that these holes do not exten
the bottom of the NiAl wedge. However, platinum cluste
were not observed in any of these holes which could be
to insufficient contrast or to formation of an alloy with th
NiAl.

le

r

FIG. 6. Average heights of Pt clusters on Al2O3/NiAl ~110! after irradiation
with electron beams with different intensities. These data have been
tained from the results presented in Fig. 5. For the calculation of the hei
a cylindrical cluster shape has been assumed.~a!, ~b!, ~c!, and ~d! corre-
spond to the four TEM images displayed in Fig. 4.
TABLE II. Statistical data for the distribution of clusters in Fig. 4.

No 15 A/cm2 140 A/cm2 180 A/cm2

irradiation 30 s 30 s 30 s

Cluster density@1012/cm2# 8.8 6.9 3.1 0.7
Covered surface area@%# 17.3 17.9 14.7 10.3
Mean cluster diameter@Å# 15.8 18.2 24.6 43.5
Number of evaluated clusters 86 57 40 20
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The images displayed in Figs. 7 and 8 have been ta
using only the NiAl@11̄0# beam. Therefore the depthL of the
holes may be calculated according to

~1!

~2!

For details see Ref. 26. The first part of the right side of E
~2! is the result of kinematical theory which is corrected f
dynamical effects by the second part.DQ11̄0 is the tilt angle
out of the Bragg condition. Since the electron beam w
incident along the@110# direction, this angle is equal to th
Bragg angleQ11̄0 :

DQ11̄05Q11̄05
ug11̄0u

2ukelectron beamu

56.1231023 in the present case. ~3!

g11̄0 is the 11̄0 reciprocal lattice vector of NiAl (ug11̄0u

FIG. 7. TEM image obtained after irradiating Pt clusters
Al2O3/NiAl ~110! with a very intense electron beam (j 5150 A/cm2) for 60
s. This image has been taken using only the NiAl@11̄0# beam. The average
thickness of the platinum film was one monolayer (QPt51.0 ML! and the
surface temperature during metal deposition was 300 K.
JVST A - Vacuum, Surfaces, and Films
n
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s

50.492 Å21), jg the extinction distance and n the numb
of observed extinction fringes. A lower limit for the extinc
tion distance of the NiAl@110# reflex may be estimated from
the extinction distance of the 111 reflex of Ni given in Re
27 for an energy of 100 keV. At this energy the value isjg

526.8 nm which is most likely smaller than the correspon
ing value at 200 keV. The number given for Ni may be tak
since the electron densities in NiAl and Ni are not too d
ferent and the 111 reflex has been chosen since for this re
the extinction length is smallest. With the given value forjg

the value of the dynamical correction factor in Eq.~2! is
0.63. This number has to be considered as a lower limit si
with increasing extinction length this value increases unti
finally reaches a value of 1. For the models of the ho
presented in the following we note that the error introduc
by the data evaluation is most likely larger than the o
introduced be the dynamical correction factor.

The hole marked in Fig. 7 is schematically drawn in F
9~a!. It has the shape of a quadratic pyramid with an ed
length of 27 Å at the top and an estimated depth of 320
The surface orientations of the side walls are near to~001!

FIG. 8. TEM images obtained after irradiating Pt clusters
Al2O3/NiAl ~110! with very intense electron beams.~a! j 5200 A/cm2,
Ekin5200 keV,t540 s.~b! additional irradiation with the same paramete
as in~a!. These images have been taken using only the NiAl@11̄0# diffracted
electron beam. The average thickness of the platinum film was one m
layer (QPt51.0 ML! and the surface temperature during metal deposit
was 300 K.

FIG. 9. Models of two types of holes in Al2O3/NiAl ~110! obtained after
irradiation of Pt clusters on the oxide film with very intense electron bea
~a! shape of the hole marked in Fig. 7.~b! shape of the hole marked in Fig
8. The average thickness of the platinum film was one monolayer (QPt

51.0 ML! and the surface temperature during metal deposition was 30
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Èand~110!. ‘‘Near to’’ means that this would be the case
the walls of the hole were oriented perpendicularly to
surface plane. However, there is a small deviation of ab
5° so that the given orientations are only approximate. T
orientation which is denoted as (110̄)* in Fig. 9~a! could,
for instance, in reality be~760!, ~870!, or ~980!. Surface
with these orientations display large terraces with~110! ori-
entation.

Irradiation with j 5200 A/cm2 for 40 s leads to even
deeper holes@see Fig. 8~a!#. Also the shapes of the holes a
different; they are not quadratic as the one marked in Fig
but appear to be round. A model of the hole marked in F
8~a! is displayed in Fig. 9~b!. In this case also surfaces wit
~111! type orientations show up on the sidewalls. Addition
irradiation with the same parameters as in Fig. 8~a! leads to
Fig. 8~b!. Here the clusters have drilled holes through t
whole NiAl wedge. The mechanism is not understood y
One point to note is that the electron density in platinum
higher than in Ni or Al so that the interaction with the ele
tron beam will be stronger which means that the tempera
of the Pt clusters will be higher than that of the NiAl su
strate. Thus it is possible that the holes are formed by m
ing of the substrate below the clusters by the hot clusters
course also other physical or chemical interactions are c
ceivable.

Theoretical considerations for the heating of small cl
ters by electron beams may be found in Ref. 28. Using
formalism given in this publication we have estimated t
current density at which a cluster with a volume of 1.1 n3

should melt. The cluster size has been taken from Fig.~a!
~mean value! ignoring coalescence of clusters as it tak
place during heating up. At an energy of 200 keV heat
occurs predominantly via ionization processes in the clus
and radiation losses may be ignored.29 The power density
induced by the electron beam depends on the electron
sity within the clusters~for details see Refs. 28 and 29!
which we have corrected for the modified atomic spac
observed for Pt clusters on Al2O3/NiAl ~110!.4 The current

FIG. 10. Estimate of a ‘‘phase diagram’’ for the behavior of Pt clusters
Al2O3/NiAl ~110! as a function of the electron beam density and the irrad
tion time.
J. Vac. Sci. Technol. A, Vol. 17, No. 2, Mar/Apr 1999
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density needed for melting depends strongly on the clu
shape since for flat clusters the heat transfer into the subs
is more efficient than for tall ones. According to our estima
calculations the clusters should melt at current densities
tween 102 and 103 A/cm2 which fits well to the experimenta
results presented in this article.

It has been shown previously that platinum clusters d
fuse through the oxide film into the NiAl substrate atT
'700 K.4,7 Such an effect could not be observed in the c
rent study. A possible explanation is that the clusters h
destroyed the oxide film below thereby producing a diffusi
barrier consisting of the remnants of the oxide film. It cou
also be the case that the span of time during which the c
ter had a temperature appropriate for diffusion through
oxide was too short.

Some type of summary of the present study is displa
in Fig. 10. This figure visualizes the behavior of platinu
clusters on Al2O3/NiAl ~110! as a function of the current den
sity and the irradiation time. It should be viewed as a rou
estimate based on the limited set of available data.

IV. SUMMARY AND CONCLUSIONS

For Pt clusters ong-Al2O3(111)/NiAl~110! the influence
of irradiation with 200 keV electrons was studied. From t
data an approximate current density versus irradiation t
phase diagram could be derived which may be summar
as follows: at current densities below aboutj 51 A/cm2 no
modification of the system occurs. Higher current densit
induce motion and coalescence and atj 550 A/cm2 decora-
tion of steps takes place. Increasing the current densitie
values ofj 5150 A/cm2 and above leads to the formation o
holes in the NiAl substrate with a depth of several 100 Å a
edge lengths of some 10 Å.

The change of cluster morphology due to motion and c
lescence for current densities betweenj 515 and 80 A/cm2

was studied in detail. In this range of current densities
irradiation leads to an increase of the mean cluster size
to a reduction of the number of clusters. This effect g
more pronounced with increasing current density. The res
open up the possibility to change the cluster size distribut
on the surface by electron irradiation in a controlled wa
Principally similar effects have to be expected for irradiati
with laser beams.

At very high current densities (j 5150 A/cm2 and above!
holes are burned into the substrate. This may be exploite
produce nanoholes with sizes in the range of some 10
which could be used for the production of very small ap
tures.
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