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Scanning tunnelling microscopy of MgO ultrathin films on Ag(001)
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The morphology of ultrathin epitaxial MgO layers reactively grown or{0%j) 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 largesi08d) fractional coverage by monoatomic MgO islands is
70%. A limited amount of MgO bilayers or trilayers has also been detdetealit 1% fractional coverageit
the nominal deposition of 1 ML flat, squared and connected MgO domains of about 10 nm in width form, with
edges along thgl10] directions. The actual substrate fractional coverage is about 85% and the occurrence of
bilayers and multilayers becomes significéabout 30 and 5% fractional coverage, respectivelysulting in
the formation of three-dimensional pyramidal MgO islands.
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INTRODUCTION film thickness and tunnelling parameters were performed.
Stable tunnelling and imaging were obtained for MgO films
The MgO/Ag001) system is an attractive model system up to 25 A thick'* STM has been used to investigate the
of simple metal oxides thin films on metal substrates. Thes@rowth, structure, and electrical characteristics of the MgO/
films have attracted growing interest in recent years, due t&€(001) system:® Morphology evolution from submonolayer
their importance for basic understanding of the metal-oxidd0 monolayefs) coverage has been studied by STM for NiO
interface and for a number of technological applications reand CoO fims on Ag01,""** and for NiO fims on
lated to the demand of new generation of electronic devices;U(111)." On these systems a very complex interfacial mor-
of efficient protective coatings and of stable metal catalyshology has been reported for the initial deposition stage,
supports:? The MgO/Ag001) system has a square-to-squareincluding oxide-induced disruption of the substrate. Re-
overlayer-substrate relationship with a small lattice misfitcently, the electronic structure and the morphology of ultra-
(2.99, therefore a reduced number of dislocations is exthin MgO films on Ag001) have been determined by scan-
pected, mainly shifted from the hard oxide layer to the com-ning tunnelling spectroscofTS and STM measurements,
paratively soft metal substrate. Both chemical and charg@nd by ab initio calculation of the local density of states
transfer contributions to bonding are believed to beusing density functional theofy. The aim of the present
negligible® Reactions kinetics of oxygen with the Aap1)  Wwork is to quantitatively investigate the very early stage of
surface is very slow,thus the substrate oxidation is reduced the MgO formation on A@01), with emphasis on the evo-
in this system with respect to more reactive substrates. Fiution of the morphology as a function of the coverage in the
nally, experimental investigation by electron spectroscopie®-25 to 1.25 ML deposition range.
is not inhibited by charging effects typical of insulating sur-
faces. Different preparation procedures of M@ films
on Ag(001) were comparatively investigated, including sput-
ter deposition from bulk MgO target, oxidation of predepos- The Ag001) substrate used in the present experiment
ited Mg film and deposition of Mg in a controlled oxygen were cleaned by repeated cycles of ion bombardment and
atmosphere. It has been demonstrated that deposition of Mannealing, until(i) low-energy electron diffractiofLEED)
in an O, atmosphere leads to much better oxide films tharshowed a satisfactory pattern, with sharp spftl width at
oxidation of predeposited Mg layet$.It has been also dem- half maximum (FWHM)<0.14 A~] and high(=8) spot-to-
onstrated that sputter deposition enhances the tendency béckground intensity ratioji) XPS analysis revealed less
MgO to agglomerate initially in multilayered islands on than 0.5% of impurities at the surface, afiid) STM images
Ag(001) substrat€. Structural studies performed on this sys- showed atomically stepped surfaces of high degree of perfec-
tem include morphology, defectivity, strain and interfacial tion, with no adatom or vacancy islands. MgO layers were
atomic arrangement.*® deposited at 470 K by Mg evaporation from a calibrated
In this paper, we present a scanning tunnelling microsKnudsen cell, in a @ background atmosphere. The rate of
copy (STM) study of ultrathin MgO films on A@01) pre-  oxide formation was about 1 ML mirt, as evaluated by the
pared by reactive Mg deposition. The feasibility of usingMg deposition rate and the relative Mg density in metallic
STM to study the surface structure of thin metal oxide layeraMig and in MgO. The product of the deposition time and the
was already explored for MgO films on N@1 and for MgO deposition rate will be referred to as nominal deposi-
Al,O; films on NiAl(110.2® Measurements over a range of tion and expressed in units of layer equivalents.

SUBSTRATE PREPARATION AND MgO GROWTH
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FIG. 1. (a) 80X 160 nnf STM image of the
Ag(00) substrate, showing large terraces sepa-
rated by monoatomic or biatomic ste@s3 V, 0.3
nA). (b) 250X 400 nnt STM image of 0.25 ML
MgO nominal deposition1 V, 0.3 nA). (c) 80
X 160 nnf 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 in
panel(c).

160 x 80 nm

0 20 40 60 80 100
Distance [nm]

The stoichiometry, the crystalline order and the growththe smaller islands is in the 0.06 to 0.12 nm range. Assign-
mode of the MgO film were monitoreid situ using primary ~ ment of the features in STM images directly to the topogra-
beam diffraction modulated electron emissiGRDMEE), phy of the MgO on Ag substrate is not straightforward, be-
AES/XPS intensity evolution, and LEED pattern analysis. cause(i) the atomic step height along the surface normal
was found that MgO grows pseudomorphically on(@@) direction is very similar for the overlayer and the substrate
with an epitaxial relationship MgO(001300]//Ag(001)  and(ii) STM imaging of ultrathin insulating films requires a
X[100]. For a nominal MgO deposition as low as 3 ML, a Proper choice of sample-bias voltage.

3% expansion of the vertical lattice constant occurs in the To obtain a topographic image of the MgO surface one
overlayer, to accommodate the mismatch with the substrat@eeds in fact to establish tunnelling from the occupied states
For larger coverage a lattice relaxation sets in, resulting in &f the STM tip into the conduction band of MgO. For ultra-

progressive removal of the MgO tetragonal distortion. thin MgO layers the band gap is expected to be lower than

Surface topography of MgO films was studied usingthe bulk value, and has bt_aen reporteq to increase from 5 to
STM. STM data were acquired at room temperature in the/-6 €V as the MgO film thickness varies from 2 to 6 L.
form of constant current topographiéSCT’s) for two dif- ~ Assuming that the Fermi level of MgO lies at about midgap,

ferent values of the sample-bias voltage, namely, 1 and 3 \@ne would expect the optimum bias voltage to be closé3o
and 0.3 nA. eV. A bias of 3V has been already reported to be sufficient to

image MgO films on M01).}* At a lower bias voltage the
STM RESULTS AND DISCUSSION electrons tunnel Qirectly from the tip to the conduct_ing sut_>—
strate and the oxide layer only modulates the potential barrier
The Ag001) substrate shows large terraces separated bgs a function of position. A contrast due to the oxide may still
monoatomic steps, with mean separation of more than 10Be observed because the overlayer can effectively lower the
nm (that correspond to a surface miscut0®.1°) [Fig. 1(a)].  barrier. However, since the tunnel probability is a much
Figure Xb) is an overview image of the AQ01) surface stronger function of barrier width than of barrier height, the
after the nominal deposition of 0.25 ML of MgO, showing observed step heights would be significantly smaller under
that the MgO-induced features are quite uniformly distrib-the low bias conditions. On the MgO/A@01) system, we
uted over very large substrate areas. Figuf@® Is an 80 observed changes in the CCT images by varying the bias
X 160 nnt STM image of the same surface. The CCT over-voltage between 0.3 and 6.0 V, mainly as far as the height of
compasses two substrate terraces. Several gray tone levele different features is concerned. Changes roughly saturate
can be easily recognized on the individual terraces, suggesbetween 2 and 3 V, and for larger voltages the images sig-
ing that a quite complex morphology sets in on the@af) nificantly deteriorate. Therefore identification of the variety
surface upon MgO deposition. A limited number of flat ex- of structures observed in the CCT image of the MgO ex-
tended islands are detected on both terraces, and a larpesed Ag surfaces has been done by varying the sample-bias
number of small, less-defined islands are detected on theoltage. In fact we expect that moving the bias value from 1
substrate surface and on top of the large islands as well. The 3 V the measured height of MgO steps will change, while
shape of both large and small islands is random, and ththe Ag step height should be essentially independent of the
substrate coverage is quite uniform, with the relevant excepbias.
tion of a reduced density of large islands in the proximity of  In Fig. 2 the STM image of 0.25 ML MgO nominal depo-
the substrate step edges. At variance with the clean substrasition is shown, corresponding to the right bottom corner of
the Ag step edge no longer follows a straight line but is veryFig. 1(c), measured with a bias of 1 and 3[Wanels(a) and
rough. The plot of the “topographical” height vs position (b), respectively. The topographic images looks quite simi-
along a straight lingFig. 1(d)] shows a distribution of val- lar. Plots of the topographical height vs position along the
ues. In particular the height of the substrate step edge and ghme straight lingpanels (&) and (), respectively show
the extended islands is 0.2@.02 nm, while the height of that the height of the larger islands is unaffected by the bias
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FIG. 2. 5050 nnf STM image of 0.25 ML
MgO nominal deposition(a) 1 V and 0.3 nA|(b)
3V and 0.3 nA. Plots of topographical height vs
position along the lines are shown (& and B),
respectively.
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change. Larger islands are therefore identified as Ag islandseen enhanced to emphasize changes in the lower range of
protruding from the original Ag surface. The step height ofthe topographical height scale. A number of vacancy islands
the smaller islands is on the contrary very sensitive tocan be observed on the Ag substrate, some of those clearly
changes in the bias voltage. In addition the values of 0.2@ontaining small MgO aggregatéBigs. 3b), 3(c)]. In turn,
+0.03 and 0.46:0.04 nm measured at 3 V bias are fully formation of vacancy islands is expected to occur also on the
consistent with a single or double interplanar distance beprotruding Ag islands. Actually Fig.(2) shows the occur-
tween the MgO(001) planes. Therefore we unambiguously rence of a MgO-filled vacancy island on the largest Ag is-
identify these small islands as MgO islands forming mono odand. However, there is no evidence of the formation of fur-
biatomic atomic reliefs on the Ag substrate or on the Agther Ag layers on top of the Ag islands, indicating that in this
large islands. case the removed atoms mainly diffuse on the island surface
The formation of Ag islands on the substrate is expectednd condensate at the island perimeter. Roughening of the
to leave vacancy islands in the substrate itself. However, padubstrate step edgéslearly observed in Fig.(t)] occurs by
of these vacancy islands is possibly filled by the MgO de-both the attachment of Ag islands condensed on the lower
posit, therefore only a close inspection of CCT images enterrace and the attachment of vacancy islands nucleated on
ables the identification of such a features. In Figg)3he the upper terrace. The morphology of the step edges suggests
same STM image of Fig.(2) is shown. The contrast has that the first mechanism is the most relevant. The very com-

FIG. 3. (a) The same as Fig.(@). The contrast
has been enhanced to emphasize changes in the
lower range of the topographical height scals.
10X 30 nn? STM image of 0.25 ML MgO nomi-
nal depositior(1 V, 0.3 nA): a number of vacancy
islands can be observed on the Ag substrate,
some of those clearly containing small MgO ag-

1 2 3 4 5 6 gregates (arrows. (c¢) Plot of topographical
Distance [nm] height vs position along the line in pangl). (d)
Sketch of the morphology of the MgO/A@01)
interface.
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B FIG. 4. (a) Fraction of Ag substrate covered

._‘LE 20 by Ag islands, and fraction of Ag substrate cov-
ered by MgO layer, as a function of the nominal
MgO deposition; for nominal deposition of 0.75

ML or larger, the separate contributions of single
and multiple MgO layers to the coverage are also
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 panégb). (d) Atomically resolved
STM image of the top layer of the pyramid of
panel(b) (1V, 0.3 nA).

plex morphology of the MgO/A@01) interface at submono- of 1100 K1* Oxide islands with edges along th&10] sym-
layer deposition is summarized in Figds. We notice that a metry directions have been also observed for submonolayer
gualitatively similar interfacial morphology has been re-deposition of NiO on A¢001), in contrast to the CoO case
ported for NiO on C(111) (Ref. 19 and for NiO and CoO where the orientation of the island edges was alond166]
on Ag(001).*® On Ref. 18, the temperature effect on the direction® [100] oriented oxide islands can be observed in
oxide/Ag interface morphology has been mainly investi-the STM images of thin MgO films on Ag01).*3
gated. We focused, on the contrary, on a quantitative study of Atomic resolution on top of the pyramid appearing in the
the MgO/Adg00Y) interface as a function of the amount of inset of Fig. 4c) is shown in Fig. 4d). The observed surface
deposited oxide. lattice constant has twice the value of the surface lattice con-
As the nominal thickness of the deposited MgO increasesstant of MgO, indicating that only one type of ion is imaged.
the interfacial morphology also evolves. This evolution isThe lattice is free of local defects and appears almost per-
quantified in Fig. 4a). The fraction of the Ag substrate cov- fectly arranged.
ered by Ag islands increases from 10% at 0.25 ML to about Layer-by-layer growth is thermodynamically favored
35% at 1 ML nominal deposition. In parallel, the fraction of when the surface energy of the overlayer is significantly low
the Ag surfacdincluding the original substrate, the protrud- in comparison to that of the substrate. This is the case, e.g.,
ing islands and the vacancy islandsovered by the MgO for the MgO/F€001) system, that in fact has been reported to
layer also increases, from about 30% to about 85%. Thegrow in a nearly perfect layer-by-layer motfeThe STM
largest Ag00Y) fractional coverage by monoatomic MgO is- data discussed in the present paper show that the bidimen-
lands is about 70% and is reached at 0.75 ML nominal deposional growth is favored also for the MgO//P1) case, in
sition. At 1 ML deposition the CCT’s exhibit flat, squared spite of the very similar surface energies of MgD16 J/nf)
and connected MgO domains, with edges along [thE]] (Ref. 20 and Ag(1.30 J/n%).2! In fact in the submonolayer
symmetry directiondFigs. 4b), 4(c)]. The presence of a deposition range a sharp Mgm0/Ag(00]) interface is ob-
limited amount of bilayers or trilayers of MgO has been de-tained via formation of monoatomic MgO islands covering
tected at 0.75 ML MgO deposition, and becomes significanmost of the Ag001) surface. Nominal deposition up to 0.5
at 1 ML depositionFig. 4(a)], resulting in the formation of ML vyield nucleation of perfectly two-dimensional mono-
3D pyramidal islandsinset of Figs. 4b), 4(c)]. Again, edges atomic MgO terraces.
of the pyramids are oriented along th&LQ] directions. A
square shape was observed for four layers thick MgO islands
on F&001).1® Three layers thick MgO islands with the edges
oriented along th¢110] directions where observed for MgO We reported on a detailed quantitative investigation of the
films grown on Md@001) at substrate temperatures in excessevolution of the MgO/A¢@001) interface morphology vs the

CONCLUSIONS
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oxide thickness in the 0.25—-1.25 ML range. The STM resultxonsistent with the results reported in Ref. 13, except for the
indicate that the reactive deposition of MgO on(B@1) sur-  different orientation of the island edges. The dependence of
face leads to a very complex morphology. Substrate disrupthe topographic height on the sample bias voltage has been
tion occurs, with formation of vacancy islands and protrud-found to be a useful criterion for the identification of Ag and
ing Ag islands. At submonolayer deposition, small MgO MgO features in the STM images.

islands form on the Ag substrate, and on vacancy and pro-

truding islands as well. The MgO islands are mainly mono-

atomic in height, but a limited amount of bilayers or trilayers ACKNOWLEDGMENTS
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