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Scanning tunnelling microscopy of MgO ultrathin films on Ag„001…

S. Valeri,1,2 S. Altieri,1 U. del Pennino,1,2 A. di Bona,1 P. Luches,1,2 and A. Rota1,2

1Istituto Nazionale per la Fisica della Materia, Unita` Ricerca di Modena, via Campi 213/a, 41100 Modena, Italia
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The morphology of ultrathin epitaxial MgO layers reactively grown on Ag~001! was investigated by using
scanning tunnelling microscopy. In the initial deposition stage Ag atoms are partially removed from the
substrate and form extended monoatomic islands leaving vacancy islands in the substrate itself. On individual
substrate terraces Ag is thereafter found at three atomic levels. For submonolayer deposition MgO condensates
in form of small islands of monoatomic height, located on the original substrate, on the protruding Ag islands
and on the vacancy islands as well. The largest Ag~001! fractional coverage by monoatomic MgO islands is
70%. A limited amount of MgO bilayers or trilayers has also been detected~about 1% fractional coverage!. At
the nominal deposition of 1 ML flat, squared and connected MgO domains of about 10 nm in width form, with
edges along the@110# directions. The actual substrate fractional coverage is about 85% and the occurrence of
bilayers and multilayers becomes significant~about 30 and 5% fractional coverage, respectively!, resulting in
the formation of three-dimensional pyramidal MgO islands.

DOI: 10.1103/PhysRevB.65.245410 PACS number~s!: 68.55.2a, 68.35.Ct, 68.37.Ef, 77.55.1f
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INTRODUCTION

The MgO/Ag~001! system is an attractive model syste
of simple metal oxides thin films on metal substrates. Th
films have attracted growing interest in recent years, du
their importance for basic understanding of the metal-ox
interface and for a number of technological applications
lated to the demand of new generation of electronic devic
of efficient protective coatings and of stable metal cata
supports.1,2 The MgO/Ag~001! system has a square-to-squa
overlayer-substrate relationship with a small lattice mi
~2.9%!, therefore a reduced number of dislocations is
pected, mainly shifted from the hard oxide layer to the co
paratively soft metal substrate. Both chemical and cha
transfer contributions to bonding are believed to
negligible.3 Reactions kinetics of oxygen with the Ag~001!
surface is very slow,4 thus the substrate oxidation is reduc
in this system with respect to more reactive substrates.
nally, experimental investigation by electron spectroscop
is not inhibited by charging effects typical of insulating su
faces. Different preparation procedures of MgO~001! films
on Ag~001! were comparatively investigated, including spu
ter deposition from bulk MgO target, oxidation of predepo
ited Mg film and deposition of Mg in a controlled oxyge
atmosphere. It has been demonstrated that deposition o
in an O2 atmosphere leads to much better oxide films th
oxidation of predeposited Mg layers.5,6 It has been also dem
onstrated that sputter deposition enhances the tendenc
MgO to agglomerate initially in multilayered islands o
Ag~001! substrate.7 Structural studies performed on this sy
tem include morphology, defectivity, strain and interfac
atomic arrangement.5–13

In this paper, we present a scanning tunnelling micr
copy ~STM! study of ultrathin MgO films on Ag~001! pre-
pared by reactive Mg deposition. The feasibility of usi
STM to study the surface structure of thin metal oxide lay
was already explored for MgO films on Mo~001! and for
Al2O3 films on NiAl~110!.15 Measurements over a range
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film thickness and tunnelling parameters were perform
Stable tunnelling and imaging were obtained for MgO film
up to 25 Å thick.14 STM has been used to investigate t
growth, structure, and electrical characteristics of the Mg
Fe~001! system.16 Morphology evolution from submonolaye
to monolayer~s! coverage has been studied by STM for N
and CoO films on Ag~001!,17,18 and for NiO films on
Cu~111!.19 On these systems a very complex interfacial m
phology has been reported for the initial deposition sta
including oxide-induced disruption of the substrate. R
cently, the electronic structure and the morphology of ult
thin MgO films on Ag~001! have been determined by sca
ning tunnelling spectroscopy~STS! and STM measurements
and by ab initio calculation of the local density of state
using density functional theory.13 The aim of the presen
work is to quantitatively investigate the very early stage
the MgO formation on Ag~001!, with emphasis on the evo
lution of the morphology as a function of the coverage in t
0.25 to 1.25 ML deposition range.

SUBSTRATE PREPARATION AND MgO GROWTH

The Ag~001! substrate used in the present experim
were cleaned by repeated cycles of ion bombardment
annealing, until~i! low-energy electron diffraction~LEED!
showed a satisfactory pattern, with sharp spots@full width at
half maximum (FWHM)<0.14 Å21# and high~>8! spot-to-
background intensity ratio,~ii ! XPS analysis revealed les
than 0.5% of impurities at the surface, and~iii ! STM images
showed atomically stepped surfaces of high degree of per
tion, with no adatom or vacancy islands. MgO layers we
deposited at 470 K by Mg evaporation from a calibrat
Knudsen cell, in a O2 background atmosphere. The rate
oxide formation was about 1 ML min21, as evaluated by the
Mg deposition rate and the relative Mg density in metal
Mg and in MgO. The product of the deposition time and t
MgO deposition rate will be referred to as nominal depo
tion and expressed in units of layer equivalents.
©2002 The American Physical Society10-1
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FIG. 1. ~a! 803160 nm2 STM image of the
Ag~001! substrate, showing large terraces sep
rated by monoatomic or biatomic steps~0.3 V, 0.3
nA!. ~b! 2503400 nm2 STM image of 0.25 ML
MgO nominal deposition~1 V, 0.3 nA!. ~c! 80
3160 nm2 STM image of 0.25 ML MgO nomi-
nal deposition~1 V, 0.3 nA!. ~d! Plot of topo-
graphical height vs position along the line i
panel~c!.
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The stoichiometry, the crystalline order and the grow
mode of the MgO film were monitoredin situ using primary
beam diffraction modulated electron emission~PDMEE!,
AES/XPS intensity evolution, and LEED pattern analysis.8 It
was found that MgO grows pseudomorphically on Ag~001!
with an epitaxial relationship MgO(001)@100#//Ag(001)
3@100#. For a nominal MgO deposition as low as 3 ML,
3% expansion of the vertical lattice constant occurs in
overlayer, to accommodate the mismatch with the substr
For larger coverage a lattice relaxation sets in, resulting
progressive removal of the MgO tetragonal distortion.

Surface topography of MgO films was studied usi
STM. STM data were acquired at room temperature in
form of constant current topographies~CCT’s! for two dif-
ferent values of the sample-bias voltage, namely, 1 and
and 0.3 nA.

STM RESULTS AND DISCUSSION

The Ag~001! substrate shows large terraces separated
monoatomic steps, with mean separation of more than
nm ~that correspond to a surface miscut of,0.1°! @Fig. 1~a!#.
Figure 1~b! is an overview image of the Ag~001! surface
after the nominal deposition of 0.25 ML of MgO, showin
that the MgO-induced features are quite uniformly distr
uted over very large substrate areas. Figure 1~c! is an 80
3160 nm2 STM image of the same surface. The CCT ov
compasses two substrate terraces. Several gray tone l
can be easily recognized on the individual terraces, sugg
ing that a quite complex morphology sets in on the Ag~001!
surface upon MgO deposition. A limited number of flat e
tended islands are detected on both terraces, and a
number of small, less-defined islands are detected on
substrate surface and on top of the large islands as well.
shape of both large and small islands is random, and
substrate coverage is quite uniform, with the relevant exc
tion of a reduced density of large islands in the proximity
the substrate step edges. At variance with the clean subs
the Ag step edge no longer follows a straight line but is v
rough. The plot of the ‘‘topographical’’ height vs positio
along a straight line@Fig. 1~d!# shows a distribution of val-
ues. In particular the height of the substrate step edge an
the extended islands is 0.2060.02 nm, while the height o
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the smaller islands is in the 0.06 to 0.12 nm range. Assi
ment of the features in STM images directly to the topog
phy of the MgO on Ag substrate is not straightforward, b
cause~i! the atomic step height along the surface norm
direction is very similar for the overlayer and the substr
and~ii ! STM imaging of ultrathin insulating films requires
proper choice of sample-bias voltage.

To obtain a topographic image of the MgO surface o
needs in fact to establish tunnelling from the occupied sta
of the STM tip into the conduction band of MgO. For ultra
thin MgO layers the band gap is expected to be lower th
the bulk value, and has been reported to increase from
7.6 eV as the MgO film thickness varies from 2 to 6 ML.16

Assuming that the Fermi level of MgO lies at about midga
one would expect the optimum bias voltage to be close to13
eV. A bias of 3 V has been already reported to be sufficien
image MgO films on Mo~001!.14 At a lower bias voltage the
electrons tunnel directly from the tip to the conducting su
strate and the oxide layer only modulates the potential bar
as a function of position. A contrast due to the oxide may s
be observed because the overlayer can effectively lower
barrier. However, since the tunnel probability is a mu
stronger function of barrier width than of barrier height, t
observed step heights would be significantly smaller un
the low bias conditions. On the MgO/Ag~001! system, we
observed changes in the CCT images by varying the b
voltage between 0.3 and 6.0 V, mainly as far as the heigh
the different features is concerned. Changes roughly satu
between 2 and 3 V, and for larger voltages the images
nificantly deteriorate. Therefore identification of the varie
of structures observed in the CCT image of the MgO e
posed Ag surfaces has been done by varying the sample
voltage. In fact we expect that moving the bias value from
to 3 V the measured height of MgO steps will change, wh
the Ag step height should be essentially independent of
bias.

In Fig. 2 the STM image of 0.25 ML MgO nominal depo
sition is shown, corresponding to the right bottom corner
Fig. 1~c!, measured with a bias of 1 and 3 V@panels~a! and
~b!, respectively#. The topographic images looks quite sim
lar. Plots of the topographical height vs position along t
same straight line@panels (a8) and (b8), respectively# show
that the height of the larger islands is unaffected by the b
0-2
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FIG. 2. 50350 nm2 STM image of 0.25 ML
MgO nominal deposition:~a! 1 V and 0.3 nA,~b!
3 V and 0.3 nA. Plots of topographical height v
position along the lines are shown in~a8 and b8!,
respectively.
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change. Larger islands are therefore identified as Ag isla
protruding from the original Ag surface. The step height
the smaller islands is on the contrary very sensitive
changes in the bias voltage. In addition the values of 0
60.03 and 0.4060.04 nm measured at 3 V bias are ful
consistent with a single or double interplanar distance
tween the MgO~001! planes. Therefore we unambiguous
identify these small islands as MgO islands forming mono
biatomic atomic reliefs on the Ag substrate or on the
large islands.

The formation of Ag islands on the substrate is expec
to leave vacancy islands in the substrate itself. However,
of these vacancy islands is possibly filled by the MgO d
posit, therefore only a close inspection of CCT images
ables the identification of such a features. In Fig. 3~a! the
same STM image of Fig. 2~a! is shown. The contrast ha
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been enhanced to emphasize changes in the lower rang
the topographical height scale. A number of vacancy isla
can be observed on the Ag substrate, some of those cle
containing small MgO aggregates@Figs. 3~b!, 3~c!#. In turn,
formation of vacancy islands is expected to occur also on
protruding Ag islands. Actually Fig. 2~a! shows the occur-
rence of a MgO-filled vacancy island on the largest Ag
land. However, there is no evidence of the formation of f
ther Ag layers on top of the Ag islands, indicating that in th
case the removed atoms mainly diffuse on the island sur
and condensate at the island perimeter. Roughening of
substrate step edges@clearly observed in Fig. 1~c!# occurs by
both the attachment of Ag islands condensed on the lo
terrace and the attachment of vacancy islands nucleate
the upper terrace. The morphology of the step edges sugg
that the first mechanism is the most relevant. The very co
the

te,
g-
FIG. 3. ~a! The same as Fig. 2~a!. The contrast
has been enhanced to emphasize changes in
lower range of the topographical height scale.~b!
10330 nm2 STM image of 0.25 ML MgO nomi-
nal deposition~1 V, 0.3 nA!: a number of vacancy
islands can be observed on the Ag substra
some of those clearly containing small MgO a
gregates ~arrows!. ~c! Plot of topographical
height vs position along the line in panel~b!. ~d!
Sketch of the morphology of the MgO/Ag~001!
interface.
0-3
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FIG. 4. ~a! Fraction of Ag substrate covere
by Ag islands, and fraction of Ag substrate co
ered by MgO layer, as a function of the nomin
MgO deposition; for nominal deposition of 0.7
ML or larger, the separate contributions of sing
and multiple MgO layers to the coverage are al
shown. ~b! STM image of 1 ML MgO nominal
deposition ~1 V, 0.3 nA!. The inset shows a
multilayer MgO island.~c! Current image of the
same region of panel~b!. ~d! Atomically resolved
STM image of the top layer of the pyramid o
panel~b! ~1 V, 0.3 nA!.
-

e-

he
ti
y
of

e
is
-
ou
of
d-

Th
s-
p
d

e
an

n
es

s

yer
e

in

he

on-
d.
er-

d
ow
.g.,
to

en-

r

ng
5
-

the
plex morphology of the MgO/Ag~001! interface at submono
layer deposition is summarized in Fig. 3~d!. We notice that a
qualitatively similar interfacial morphology has been r
ported for NiO on Cu~111! ~Ref. 19! and for NiO and CoO
on Ag~001!.18 On Ref. 18, the temperature effect on t
oxide/Ag interface morphology has been mainly inves
gated. We focused, on the contrary, on a quantitative stud
the MgO/Ag~001! interface as a function of the amount
deposited oxide.

As the nominal thickness of the deposited MgO increas
the interfacial morphology also evolves. This evolution
quantified in Fig. 4~a!. The fraction of the Ag substrate cov
ered by Ag islands increases from 10% at 0.25 ML to ab
35% at 1 ML nominal deposition. In parallel, the fraction
the Ag surface~including the original substrate, the protru
ing islands and the vacancy islands! covered by the MgO
layer also increases, from about 30% to about 85%.
largest Ag~001! fractional coverage by monoatomic MgO i
lands is about 70% and is reached at 0.75 ML nominal de
sition. At 1 ML deposition the CCT’s exhibit flat, square
and connected MgO domains, with edges along the@110#
symmetry directions@Figs. 4~b!, 4~c!#. The presence of a
limited amount of bilayers or trilayers of MgO has been d
tected at 0.75 ML MgO deposition, and becomes signific
at 1 ML deposition@Fig. 4~a!#, resulting in the formation of
3D pyramidal islands@inset of Figs. 4~b!, 4~c!#. Again, edges
of the pyramids are oriented along the@110# directions. A
square shape was observed for four layers thick MgO isla
on Fe~001!.16 Three layers thick MgO islands with the edg
oriented along the@110# directions where observed for MgO
films grown on Mo~001! at substrate temperatures in exce
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of 1100 K.14 Oxide islands with edges along the@110# sym-
metry directions have been also observed for submonola
deposition of NiO on Ag~001!, in contrast to the CoO cas
where the orientation of the island edges was along the@100#
direction.18 @100# oriented oxide islands can be observed
the STM images of thin MgO films on Ag~001!.13

Atomic resolution on top of the pyramid appearing in t
inset of Fig. 4~c! is shown in Fig. 4~d!. The observed surface
lattice constant has twice the value of the surface lattice c
stant of MgO, indicating that only one type of ion is image
The lattice is free of local defects and appears almost p
fectly arranged.

Layer-by-layer growth is thermodynamically favore
when the surface energy of the overlayer is significantly l
in comparison to that of the substrate. This is the case, e
for the MgO/Fe~001! system, that in fact has been reported
grow in a nearly perfect layer-by-layer mode.16 The STM
data discussed in the present paper show that the bidim
sional growth is favored also for the MgO/Ag~001! case, in
spite of the very similar surface energies of MgO~1.16 J/m2!
~Ref. 20! and Ag ~1.30 J/m2!.21 In fact in the submonolaye
deposition range a sharp MgO~100!/Ag~001! interface is ob-
tained via formation of monoatomic MgO islands coveri
most of the Ag~001! surface. Nominal deposition up to 0.
ML yield nucleation of perfectly two-dimensional mono
atomic MgO terraces.

CONCLUSIONS

We reported on a detailed quantitative investigation of
evolution of the MgO/Ag~001! interface morphology vs the
0-4
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oxide thickness in the 0.25–1.25 ML range. The STM resu
indicate that the reactive deposition of MgO on Ag~001! sur-
face leads to a very complex morphology. Substrate disr
tion occurs, with formation of vacancy islands and protru
ing Ag islands. At submonolayer deposition, small Mg
islands form on the Ag substrate, and on vacancy and
truding islands as well. The MgO islands are mainly mon
atomic in height, but a limited amount of bilayers or trilaye
is also present. For increasing deposition both the subs
fractional coverage and the fraction of multilayer islands
crease. At 1 ML nominal deposition the substrate fractio
coverage is about 85%, with formation of flat, squared M
domains of about 10 nm in width. A relevant number of 3
pyramidal MgO islands with edges along the@110# symmetry
directions is present. The morphology of the 1 ML film
ur-
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consistent with the results reported in Ref. 13, except for
different orientation of the island edges. The dependenc
the topographic height on the sample bias voltage has b
found to be a useful criterion for the identification of Ag an
MgO features in the STM images.
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