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ABSTRACT

The stability of Pb/Ge and Pb/C multilayers has been studied over a broad temperature range
by x-ray diffraction experiments. In the Pb/Ge system an amorphous to microcrystalline phase
transformation of the Ge-layers was already observed at -_ 100 °C. This transition destroys the
modulation structure and improves the Pb(111) texture. In the Pb/C multilayers, the layered
structure was still present at temperatures higher than the melting temperature of Pb. Contrary
to recent publications, no depression of the melting temperature of the two-dimensional Pb layers
could be observed.

1 Introduction

Metal/metal and metal/semiconductor multilayers and superlattices have received considerable
attention in recent years [1]. This has been motivated by the development of novel preparation
techniques which allow microscopic control of the thickness and structure of the layers, and by
the prediction of unusual superconducting and magnetic properties [2]. More recently interesting
phenomena where predicted and observed in the recrystallization [3] and melting [4] behaviour
of those multilayered structures [4,5,6].

Amorphous Si and Ge in contact with certain metals appear to crystallize at temperatures
much lower than the usual bulk crystallization temperature [7,8]. The precise mechanism for
the nucleation and growth of a crystalline film starting from an amorphous layer is however not
well understood.

In an interesting experiment [4] it is claimed that the melting temperature of Pb in Pb/Ge
multilayers is suppressed and the transition changes from first to second order as the Pb layer
thickness is reduced along the (111) growth direction. Ion-shadowing and blocking measurements
[9] reveal a reversible order-disorder transition at the (110) surface of a Pb crystal well below
its melting point Tm. This transition is however not present in the Pb (111) surface [10]. The
orientation dependence of the degree of positional disorder appears to be directly correlated
with the large anisotropy in surface free energy.

In this paper we report on a detailed study of the crystallization of a-Ge and the melting of
Pb in Pb/Ge and Pb/C multilayers prepared by electron-beam evaporation. Both phenomena
where studied using x-ray diffraction, transmission electron microscopy (TEM) and electron
diffraction (ED).

2 Experimental techniques

The Pb/Ge and Pb/C multilayers were condensed on liquid nitrogen cooled sapphire substrates
in a load-locked molecular beam epitaxy (MBE) apparatus equipped with two electron beam
guns [11]. The evaporation rates were controlled using a quadrupole mass-spectrometer in
feedback mode. After warming up to room temperature, the sample was brought into air and
cut into pieces of j_ 1" x 1" enabling us to carry out different experiments on the same sample.

X-ray diffraction measurements were performed in air and vacuum (10-6 Torr) on a Rigaku
Dmax II diffractometer (2 kW Cu ICK x-ray gun) equipped with a high-temperature stage. The
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Figure 1: Small angle x-ray diffraction from a Pb Figure 2: Evolution of the Pb (111)
(50A)/Ge (50A) multilayer. The fact that the diffraction peak for different thicknesses of
even order peaks are smaller in intensity than Pb in Pb/Ge(50A) multilayers. For dpb >
the odd order ones shows that the modulation 30A, a typical broad peak shows up.
is almost square with minimal interdiffusion.

crystallinity and purity of the layers was checked by independent Debye-Scherrer measurements
on samples scraped off the substrate. Transverse cross-sections for TEM and ED were prepared
using standard thinning techniques. TEM and ED were performed on a Jeol 100 CX electron
microscope equipped with high temperature capabilities.

3 Results and discussion

3.1 Initial structure

The multilayers are examined by 0- 20 small angle x-ray diffraction revealing the well developed
layered structure, as shown in Fig. 1. The presence of a large number of small angle peaks clearly
illustrates the quality of the resulting multilayer. At wide angles, no high order multilayer
reflections [1] could be observed. Instead, a broad peak corresponding to the Pb (111) texture
as well as secondary fringes were visible. As reported earlier [12] the wide angle spectrum is
due to continuous thickness variation (interface roughness) of the amorphous Ge which limits
the perpendicular coherence length to the thickness of an individual Pb layer. The evolution of
the wide angle x-ray spectrum with Pb layer thickness is illustrated in Fig. 2. The smaller the
individual Pb layer thickness the wider the Pb (111) peak becomes. The sharp peak on top of
the broad one originates from the edge of the sample where the Pb layers can connect. This
hypothesis was checked by removing the edges photolitographically.

3.2 Crystallization

After an examination at ambient temperature the substrate is heated while the small and wide
angle x-ray scans are recorded. Far below the melting temperature of Pb, the a-Ge crystallizes,
the Pb texture improves and the layered structure disappears [13]. The latter is clearly illustrated
in Fig. 3 where the intensity of the first three observed small angle peaks of a Pb/Ge (49A/59k)
multilayer is plotted versus substrate temperature.

To what extent the layered structure is destroyed is shown in Fig. 4. At room temperature
the layered structure is clearly visible in the transmission electron micrograph (Fig. 4a) taken
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Figure 3: Evolution of the intensity of the first three observed (+ 13, A 14, e 15) small angle peaks
of a Pb/Ge (49A/59A) multilayer as a function of temperature by keeping a fixed temperature
for 5 minutes.

(a) (b)

(c) (d)
Figure 4: a) TEM of a Pb/Ge(120A/80A) multilayer clearly showing the layered structure. b)
ED showing Pb (111) crystalline spots with no trace of crystalline Ge. c) TEM picture of the
sample shown in a) after annealing. Note that the layered structure is absent. d) ED of the
annealed sample showing crystalline Ge spots.
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Figure 5: Pb (111) x-ray peak intensity as a function of temperature (by staying at a particular
temperature for 5 minutes) for a Pb/Ge (25A/50A) multilayer near the Pb melting point. Data
were taken in air (open squares) and in vacuum (closed circles).

from a transverse cross section of a Pb/Ge (120A/80A) multilayer. Moreover, no trace of
crystalline Ge next to the Pb (111) spots shows up in the electron diffraction picture (Fig. 4b).
During annealing the layered structure disappears (Fig. 4c) and crystalline spots of the Ge are
showing up (Fig. 4d). This behaviour is seen in all the examined Pb/Ge multilayers. The
temperature Tx at which the crystallization of the a-Ge occurs increases with increasing Ge
layer thickness and decreases with decreasing Pb layer thickness [13]. A direct relationship
between the crystallization temperature and the initial mosaic spread regardless of the Pb and
Ge layer thickness was also found. The latter suggest that the crystallization is driven by
the interface structure. Another explanation for the extreme low crystallization temperature
and its functional behaviour with varying Pb and Ge layer thickness may be the enhanced
kinetics of diffusion at the metal/semiconductor interface ['14]. In the Pb/C multilayer no phase
transformation was observed below the melting temperature Tm of bulk Pb.

3.3 Melting

According to Willens et al. [4] the onset of the melting of Pb in Pb/Ge multilayers decreases
significantly and the transition becomes second order as the Pb layer thickness is decreased.
This is in agreement with theoretical predictions [3]. The melting experiments conducted on
our Pb/Ge multilayers, prepared in a similar way, however do not show any behaviour of that
kind i.e. the melting transition of the Pb in these multilayers is very sharp (Fig. 5) and the
melting temperature corresponds within 2 OC to the value of bulk Pb. This is not suprising in
view of the fact that the multilayer is destroyed (Fig. 4c) at a temperature much lower than
Tmn. Indeed, as the layered structure disappears, the broad Pb (111) diffraction peak sharpens
drastically [14] indicating that the crystal dimension of the Pb in the multilayer growth direction
increases dramatically (a factor of 50 for the thinnest Pb layers). Therefore, no two dimensional
melting behaviour of Pb can be expected in these multilayers.

A reasonable explanation can be given for these contradicting results. The melting of the Pb
is in both cases measured by monitoring the decrease of the Pb (111) diffraction peak intensity.
This intensity decrease may however be induced by other mechanisms.

Indeed, alloying of Pb and Ge as well as oxidation of Pb results in an intensity drop of the Pb
(111) diffraction peak due to the fact that the amount of pure Pb decreases. Since Pb and Ge
do not alloy in the bulk [15] we performed the melting experiments in air to allow oxidation. A
decrease of Tm as reported in [4] was indeed observed. A typical transition of the Pb (111) peak
of a Pb/Ge (20,/50A) multilayer heated in air is shown in Fig. 5. Additional Debye-Scherrer
powder diffraction experiments on samples scraped off the substrate clearly showed that Pb
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Figure 6: Debye-Scherrer powder diffraction pattern of a Pb/Ge multilayer heated in a) air; the
Pb-oxides are clearly visible. b) vacuum; no oxides are visible.

oxidizes when the multilayer is heated in air (Fig. 6a), whereas only pure Pb and Ge was found
when heated in vacuum (Fig. 6b).

Destruction of the multilayered structure due to crystallization does not occur in Pb/C
multilayers. Partly due to the very large difference of the melting temperature of Pb and the
sublimation temperature of C the quality of the Pb/C multilayers was not as good as that of
the Pb/Ge multilayers. Nevertheless, very interesting results were obtained. Whereas in Pb/Ge
multilayers the layers were destroyed far below the melting temperature of Pb they clearly
survived in the Pb/C multilayers even far beyond the melting temperature of Pb. In Fig. 7 the
intensity of the Pb (111) as well as the second and third order (1=2, 3) multilayer diffraction
peaks versus temperature is shown for a Pb/C (25A/46A) multilayer. Again a sharp transition
in the Pb (111) intensity is noticed at 328 0C, indicating the absence of two-dimensional melting
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Figure 7: Evolution of the intensity of the Pb (111) and the second and third order small angle
diffraction peaks (+ Pb(111), A 12, * 13) as a function of the temperature.
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effects. This is in accordance with the experiment of Frenken and VanderVeen [6,9]. However,
after the Pb was melted the second and third order multilayer peaks only dropped to 60 % of
its initial value, indicating that the liquid Pb and solid C is still stacked in layers, even up to
340 OC. To our knowledge, this has never been observed before. Moreover, when the multilayer
was cooled to room temperature its intensity recovered to _ 80% of its initial value.

4 Conclusions

The amorphous to crystalline phase transition of Ge in Pb/Ge multilayers was extensively stud-
ied. It is shown that the crystallization temperature decreases with decreasing amorphous Ge
thickness and increases with decreasing thickness of the metallic component. Due to the broken
up structure of the Pb/Ge multilayers at T > 200'C, no two-dimensional melting was observed.
The layered structure survived in Pb/C multilayers far beyond the melting temperature of Pb.
The sharp transition in the Pb(111) intensity at 328 IC indicates the absence of two-dimensional
melting effects down to Pb thicknesses of 20K.
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