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Abstract The physical properties of multilayers with layer
periods in the nanometer range crucially depend on the na-
ture of their interfaces. In this contribution we show how the
interfacial roughness of multilayers consisting of two mate-
rials with a high difference in specific surface free energy
(here MgO/Fe) and thus different growth modes (Volmer—
Weber island growth for Fe and layer-by-layer growth for
MgO) can be minimized. For this, the layer thickness of
the island former has to be large enough that almost all is-
land zipping processes have already occurred. At this thick-
ness the layer is just closed and the intrinsic roughness is
at a minimal value. To determine this optimal thickness, in-
situ stress measurements as performed in this work are one
method of choice. The layer-by-layer growth of the other
material with lower surface free energy additionally leads to
a further smoothening of the surface. Due to this alternating
roughening and smoothing processes, cumulative roughness
can be avoided and overall a minimal roughness of the mul-
tilayer structure is obtained.

1 Introduction

The physical properties of multilayers with small layer pe-
riods in the nanometer range crucially depend on the nature
of their interfaces [1]. Assuming a Gaussian distribution of
interface roughness (and intermixing, which cannot be dis-
tinguished in X-ray reflectometry), the reflectivity R of a
multilayer mirror is critically attenuated by the fraction of
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its roughness o compared to its bilayer period A according
to

phided )2

R=Rpe 2", (1)

where Ry is the reflectivity of a perfect multilayer with dis-
crete interfaces. When working in the soft X-ray region, as
in the so-called water window (wavelength range A = 2.3—
4.4 nm), small layer periods below 4 nm are necessary,
which dramatically increases the importance of a low inter-
face roughness.

MgO/Fe multilayers are promising candidates for X-ray
mirrors in the water window due to their high thermal sta-
bility [2] and good optical contrast. But, in recent years, lay-
ered Fe/MgO systems are also of special interest due to tun-
nel magnetoresistance (TMR) values up to 250% achieved
in Fe/MgO/Fe trilayers [3]. In this materials combination
the growth of Fe on MgO is different from MgO growth
on Fe due to the large difference of the surface energies of
Fe (2.9 J/m?) and MgO (1.16 J/m?), respectively [4]. From
this large difference in the surface energies layer-by-layer
growth is favored for MgO on Fe but not vice versa. Instead,
Fe grows in Volmer—Weber island mode [5] at room temper-
ature.

In this paper, the interfaces of laser deposited Fe/MgO
layered structures were studied. In the MgO/Fe system with
Volmer—Weber island growth mode of one component (Fe),
the roughness of the MgO/Fe interface (here MgO/Fe means
M¢gO on top of Fe) should depend especially on the state of
the island growth. The second layer material (MgO) should
have layer-by-layer growth and additionally smoothen the
surface again. It is of interest, whether and at which layer
thickness of Fe in Fe/MgO multilayers a minimal roughness
is obtained.
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2 Experimental details

For the deposition of the multilayers, a standard pulsed laser
deposition setup was used [6]. KrF excimer laser pulses
(Lambda Physik LPX 110i, wavelength 248 nm, pulse du-
ration 30 ns) were focused onto the elemental (Fe) or com-
posite (MgO) targets. The background pressure within the
deposition chamber was better than 5 x 108 mbar. The
Fe/MgO multilayers were deposited at room temperature
onto Si(111)-substrates (with about 2 nm native SiO» on top)
at a target-to-substrate distance of 7 cm and a laser fluence
of 6 J/cm?. Always the starting layer on Si was MgO. X-ray
measurements were carried out with a Philips X pert dif-
fractometer using Co K, -radiation. For the in-situ rate mea-
surements, the films were deposited directly onto a micro
balance quartz crystal (Leybold Inficon XTM/2). From this,
the accurate film thickness could be determined. The film
thickness linearly increases with the number of laser pulses
with two different slopes corresponding to different deposi-
tion rates for MgO (0.01 nm/pulse) and Fe (0.003 nm/pulse).
At the interfaces, the slopes of the straight lines change, but
no deviations from the straight lines are observed. This in-
dicates that no re-sputtering effects occur, as for instance
earlier found for other laser deposited multilayer structures
(for instance Fe/Ag) [7].

The film stress was measured using an in-situ bending
beam technique as described in Ref. [8]. The bending ra-
dius R of the substrate was determined from the reflections
of a laser beam hitting the backside of the substrate during
deposition. The stress was calculated using the Stoney equa-
tion [9]

— @

where Dy means the film thickness, £ the Young modu-
lus, v the Poisson ratio, and Ds the substrate thickness. The
product o Dy of the film stress and the film thickness we will
refer to as the “stress thickness”.

3 Results and discussion

First, the structure and microstructure of the MgO/Fe mul-
tilayers were investigated. The crystallographic orientation
relation between the two components Fe and MgO was de-
termined by X-ray diffraction. In Fig. 1 the X-ray diffraction
pattern is shown for a MgO/Fe multilayer on Si(111) with 60
periods of 5.2 nm and about equal thickness of the individual
layers. MgO preferentially grows in (001)-direction on the
Si surface and Fe epitaxially on MgO, which can be recog-
nized in the (002)-reflection of Fe. Therefore, both materi-
als grow with the well known Fe(001)[110]/MgO(001)[100]
epitaxial relation [10, 11], due to a good lattice match (only
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Fig. 1 X-ray diffraction pattern of a MgO/Fe multilayer on Si(111)
with 60 periods of 5.2 nm and about equal thickness of the individual
layers. Both materials grow with Fe(001)[110]/MgO(001)[100] epitax-
ial relation

Fig. 2 Texture measurements
performed on the MgO/Fe
multilayer of Fig. 1. The
intensity of the Fe(110)
reflection was measured and is
depicted for the angles
outward (0-90°) and ¢ (0-360°)
as the in-plane angle coordinate

about 3.8% lattice mismatch) of MgO (a = 0.4213 nm) and
Fe (a = 0.2866 nm) upon a 45° in-plane rotation.

On the same multilayer texture measurements were per-
formed (see Fig. 2). The intensity of the Fe(110) reflection
was measured and is depicted for the angles i outward and
¢ as the in-plane angle coordinate. A fiber texture is ob-
served. Two rings with angles of 45° and 90° clearly indicate
that the MgO grains have statistical in-plane orientation al-
though they all have a (001)-orientation in growth direction.
Therefore, the observed epitaxy is only locally, what means
that the MgO grains are randomly oriented in the film plane,
but Fe grows epitaxially on MgO and vice versa. Therefore,
the microstructure of the deposited multilayer is character-
ized by a columnar growth with random in-plane orientation
as typical for sputtered or pulsed laser deposited films. But,
within each column epitaxy exists.

Next we studied at which layer thickness of Fe lowest in-
terface roughness is obtained. For this, reflectivity measure-
ments were performed for a series of MgO/Fe multilayers
with 20 periods A of between 2 and 6 nm. In Fig. 3 the re-
flectivity measurements and corresponding simulations us-
ing IMD software [12] are depicted. From the simulations,
the layer periodicity A, the ratio of metal layer thickness
to bilayer period I" and the interface roughnesses o were
determined. As can be seen, the decrease of the reflectivity
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Fig. 5 Stress thickness vs. film thickness during laser deposition of a
Fe/MgO multilayer. A section of two layer periods is shown
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Fig. 3 Stacked X-ray diffraction patterns of MgO/Fe multilayers with
different layer periods, deposited in UHV and in 0.04 mbar Ar at-
mosphere, respectively
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Fig. 4 Interface roughness of the MgO/Fe multilayers of Fig. 3 vs. Fe
layer thickness, and results taken from Ref. [2]

curves with scattering angle, the Kiessig fringes as well as
the Bragg reflections can be reproduced by the correspond-
ing simulations with high accuracy. Furthermore, two mea-
surements were shown for a deposition in 0.04 mbar of Ar
atmosphere. Using this background pressure during deposi-
tion, the energy of the deposited particles can be reduced
as earlier shown [7]. The RMS roughnesses are (within the
measuring accuracy) identical for both interfaces. They are
summarized in Fig. 4, together with earlier results of Fuhse
et al. [2], vs. Fe layer thickness. Obviously, with increasing
Fe layer thickness the interface roughness first decreases,
reaches a minimum at a Fe thickness of about 1 nm and
then increases again. It should be noted that obviously the
reduction of the kinetic energy of the deposited particles has
almost no effect on the interface roughness.

In order to understand, at which growth state of the Fe
layers the lowest interface roughness is obtained, in situ

thickness [nm]

Fig. 6 In-situ stress measurements during laser deposition of a
Fe/MgO multilayer with 20 periods. A section of two layer periods
is shown

stress measurements were performed during laser deposi-
tion of a Fe/MgO multilayer with 20 periods. A section of
two layer periods of the measurements is shown in Fig. 5.
It can be followed that the stress curves are different for
MgO and Fe, respectively, but completely reproducible for
both periods (and also for the 18 other periods, not shown
here). As can be followed in the figure, the stress thickness
decreases linearly with increasing MgO thickness. The con-
stant slope of this curve corresponds to a compressive stress
of about —3 GPa (see Fig. 6), which can be explained by
shot-peening effects [13] due to energetic particles hitting
the film surface, as typical during laser deposition in ultra-
high vacuum [14]. This kind of stress is representative for
layer-by-layer growth of MgO on Fe. When depositing Fe
on top of MgO, first compressive stress is observed, which
then tends to tensile stress and again to compressive stress.
The compressive-to-tensile transition is a clear indication
for island growth in these laser deposited multilayers [15,
16], as expected from the differences in the surface energies
of Fe and MgO, and for instance also observed in evapo-
rated films by Floro et al. [17]. The complex behavior of the
stress thickness curve can be explained as follows. The first
decrease in the stress thickness curve is called “capillary-
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induced” growth stress [18] and can be understood in the
following way. Due to surface tension the lattice parameters
of small grains are always smaller than the bulk value and
size dependent. With rising grain size (and increasing film
thickness) the lattice parameters increase to their equilib-
rium values leading to compressive stress as observed. The
compressive-to-tensile transition is attributed to island im-
pingement and coalescence, when the film is almost covered
by the new component (in our case Fe). If then neighboring
islands are within close proximity, they stretch toward each
other and form a grain boundary to reduce the surface en-
ergy with expense of strain energy [19]. This so-called “is-
land zipping” is accompanied with the formation of tensile
stress. According to Seel et al. [16] the maximum tensile
stress (in our case of about 7 GPa) is achieved when coales-
cence within the film has appeared and the MgO surface is
almost covered by Fe. In our MgO/Fe multilayer this is the
case at a layer thickness of about 1 nm in agreement with
results from Ref. [20]. For even higher thicknesses, when no
additional stress due to island zipping occurs, the measured
stress becomes compressive again due to shot-peening ef-
fects, now dominating the film stress.

Thus, at the Fe thickness of 1 nm, where the interface
roughness of the multilayers is minimized, island zipping
processes within the Fe layers are maximal and the Fe layer
is mostly closed. The MgO layers grown in layer-by-layer
mode more or less keep the roughness of the Fe layers on the
same level and probably smoothen out at least the high spa-
tial frequencies. In this way, formation of cumulative rough-
ness can be prevented.

4 Conclusions

In summary, all the results on MgO/Fe multilayers indi-
cate that the roughness of multilayers with large difference
in surface energy, where one component grows in island
growth mode and the other one in layer-by-layer mode, can
be minimized and cumulative roughness can be prevented.
For this, the layer of the island former has to be chosen with
a thickness, where the layer is closed and island zipping
processes are mostly completed. Within this layer, rough-
ening due to island growth and smoothing by island zip-
ping simultaneously take place. To determine this “optimal
thickness”, in-situ stress measurements as performed in this
work are one method of choice. Here the point of maximal
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tensile stress determines the thickness of the island former
with lowest interface roughness. For different materials, this
value should depend on the size of the islands formed and
thus on the diffusivity of the atoms on the underlying com-
ponent. Additionally, this second component (here MgO)
eventually leads to a further smoothening of the surface be-
cause of its lower surface free energy. With the following
layer of the first component (here Fe) growing in Volmer-
Weber island growth mode the whole process starts again.
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