interfacially initiated crystallization in amorphous germanium films
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The amorphous to microcrystalline phase transition of Ge in Pb/Ge multilayers has been
extensively studied. During crystailization, the x-ray diffraction peaks of the modulated
structure disappear and the Pb texture improves. It is shown that the crystallization
temperature decreases with decreasing amorphous Ge thickness and is strongly affected by the
texture of the metailic component. These results imply that the crystallization is interfacially

initiated.

The crystallization of amorphous semiconductors is a
problem of considerable interest for the understanding of
fundamental kinetic processes as well as in many applica-
tions, such as solar cells and multilayer mirrors, that are
subject to thermal cycling. The precise mechanism for the
nucleation and growth of a crystaliine film starting from an
amorphous layer is, however, not weli understood.

Eartlier studies on the crystallization of amorphous Ge
films have concentrated on (a) single films® {d > 1000 A)
for which crystallization has been found to occur in the
range of 350-600 °C, (b) Ge films in contact with a variety of
metals (mostly transition and noble)* whick exhibit a eutec-
tic equitibrium binary phase diagram. In this case, for a fized
film thickness, a correlation was found between the crystalli-
zation and eutectic temperatures, {(¢) Ge films in Ge/Pb
multilayers which were prepared for the study of the melting
behavior of Pb.” In this case it was noticed that the Ge crys-
tallizes in the temperature range of 135-180 °C; however, no
detailed studies were presented.

The study of the temperature stability of an amorphous
semiconductor in contact with a metal is quite favorable in
the Pb/Ge multilayer configuration. This is because (a) the
melting and crystailization temperatures of Pb and Ge are
well separated,” (b} there is a minimal interdiffusion
between the constituents,” and (c) the equilibrium thermo-
dynamic binary phase diagram is eutectic’ so the formation
of compounds does not complicate the studies. Moreover,
the multilayer geometry not only provides larger volumes of
sample for the x-ray diffraction studies and avoids questions
relating to surface contamination and oxidation, but it also
provides precise information on the layer thicknesses (from
small angle scattering) otherwise not available.®

We present here extensive measurements on the crystal-
lization of amorphous Ge sandwiched between crystalline
Pb, in a multilayer geometry. The results show that as the
temperature increases the Ge layer crystallizes
{90°C < T, < 180°C) producing roughness at the interface
and improved Pb texture. As a consequence, the layered
structure disappears due to the massive transport of Ge and
Pb atoms, initiated by the Ge crystallization. This is con-
firmed by the transmission electron microscopy {TEM)
study in this system. The results show that the crystalliza-
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tion is interfacially initiated and it is strongly affected by the
texture of the metallic component.

The Pb/Ge multilayers were prepared on liguid nitro-
gen cooled sapphire substrates in an ulirahigh vacuum mo-
lecular beam epitaxy (MBE) apparatus equipped with two
electron beam gun evaporators. The evaporation rate was
controlled to better then 5% accuracy with a time constant
of 3 ms using a mass spectrometer in feedback mode.” The x-
ray measurements were performed on a Rigaku DMax II
diffractometer with a 2-kW Cu K, x-ray gun equipped with
a high-temperature stage capable of measurements up to
1500 °C and a contro! of better than 1 °C.

The high quality of the layered structure was confirmed
by the existence of up to 13 low angle multilayer peaks, by
the fact that the even order peaks were of lower intensity
than the odd ones in equal layer thickness case (see Fig. 1)
and the appearance of finite size limited secondary diffrac-
tion peaks. At high angles one peak accompanied by second-
ary fringes was observed given by the incoherent scattering
from the finite size limited individual Pb layers. This also
indicates that the thickness of the individual Pb layers is
constant across the whole multilayer stack. The broadening
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FIG. §. Small angle x-ray diffraction from a Pb {50 AY/Ge (50 A) multi-
fayer. The fact that the even order peaks are smaller in intensity than the
odd order ones shows that the modulation is square with minimal interdif-
fusion.
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of the high angle multilayer peaks' has been earlier related
to the thickness variation (“cumulative disorder™) of the
amorphous Ge layers.!!

The Pb (111} texture is considerably affected by the
thickness of the constituents. Figure 2 shows the Pb (111)
mosaic-spread angle, Ao (full width at half-maximum) asa
function of & p, for d . = 50 A and as a fanction of d ., for
d o = 50 A, respectively. As expected, the thicker the Pb
film is (keeping the germanium thickness constant}, the
smaller A, i.e., the higher the texture (solid circles in Fig.
2). On the other hand, however, for fixed Pb thickness Aw is
almost constant showing that the Ge film does not strongly
affect the texture of the Pb film. These resuits are very im-
portant for the present studies since they clearly show that
the texture of the metailic component can be varied in a
systematic, reproducible way by simply changing the layer
thickness. As we shall show below, this has a drastic effect on
the crystallization temperature.

The study of the crystaliization has been performed by
monitoring at the same time the Pb (111), the Ge (111}, and
the multilayer peaks as a function of temperature in a large
number of samples. Figure 3 shows the intensity of the Pb
(111), Ge (111}, and the fourth order small angle peaks
from a Pb (45 A)/Ge (50 A) multilayer as a function of
temperature. Each one of the data points was measured after
5 min at the particular temperature. For this sample below
90 °C the Ge remains amorphous as indicated by the pres-
ence of a broad x-ray diffraction peak around the Ge (111)
spacing. As the fourth order small angle peak is dropping in
intensity, both the Pb (111) and the Ge (111) peaks are
dramatically growing starting around 90 °C. This shows that
as the Ge layer crystaliizes, the Pb (111) texture improves
and the layer structure is destroyed. The improvement in the
Pb (111) texture might be expected if an epitaxial relation-
ship exists at the interface, i.e., as the Ge crystallizes it acts as
a “template” for the rearrangement of the Pb into a better
texture, We confirmed that the appearance of the Ge (111)
peak is always accompanied by an increase in the intensity of
the Pb (111} peak and the disappearance of small angle
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FIG. 2. Mosaxc»spread angle Aw for the Pb (111) peak asa funcnon of (a)
dypy, with dg5. = 50 A (solid circles) and d;, with dp, = 50 A {open
sguares).
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FIG. 3. X-ray intensity for the fourth order muhﬂayer reﬁeunon (1=4),
thePb (111) snd the Ge {111) peaksin Pb (40 A)/Ge (50 A} superlattice.
The lines are guides to the eye.

modulation peaks. These measurements and conclusions
were also confirmed by independent transmission electron
microscopy (TEM) and electron diffraction {ED}) measure-
ments. Details of these measurements will be the subject ofa
later publication.

Inorder to study the behavior of the crystallization tem-
perature T, (determined from the midpoint of the transi-
tion) as 2 function of layer thickness, we measured the Pb
{111} peak for a series of Pb (50 A)/Ge (variable thick-
ness) and Pb (variable thickness)/Ge (50 A} multilayers as
a function of temperature. The Pb (111} diffraction peak
was used to monitor the recrystallization phenomenon since
it had a much higher intensity than the Ge (111} and there-
fore gave more accurate values of T, . The change of crystal-
lization temperature of the Ge keeping the Pb texture con-
stant { by keeping the Pb thickness constant) is shown in Fig.
4. The increase of T, with increasing Ge thickness is due to
the fact that the “interface induced” crystallization is easier
in thinner Ge layers. The change of T, with changing Pb
texture (i.e., Aw) is quite striking as shown in Fig. 5. T,
increases dramatically with increasing Pb (111) rocking
corve width, i.e., the higher the texture is, the lower the crys-
tallization temperature. This is exactly what one might ex-
pect if the crystal ization is interfacially initiated. Since the
Pb acts as a “template” for the Ge, an improved texture of
the Pb facilitates the Ge crystallization and therefore lowers
the crystallization temperature. At this stage, unfortunately,
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FIG. 4. Crystallization temperature T, as a function of Ge thickness, d .
keeping d », = 50 A. Note that in this case the Pb (111) testure remains
almost constant (see Fig. 2}.

it is impossible to uniguely ascertain whether the change in
texture of the thickness of Pb is the main driving force.
Further experiments, to change independently Aw fromd 5y,
perhaps by different growth conditions might clarify this
issue. On the other hand, if the crystallization is interfacially
initiated, clearly the change in texture is the relevant guanti-
ty, not the Pb thickness.

In summary, we have shown that the crystallization of a
thin amorphous Ge film sandwiched between Pb layers de-
pends on the thickness of the Ge and that the crystallinity or
texture of the metai component strongly influences the crys-
tallization temperature. These facts are consistent with the
idea that the crystallization is interfacially initiated. It is rea-
sonable to assume that these statements have a more general
validity and they apply to many other crystaliine-metal
amorphous-semiconductor sandwiches.
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FIG. 5. Crystallization temperature T, as a function of Pb (111) mosaic-
spread angle Aw for constant d;, = 50 A.

Belgian Institute for Nuclear Physics, International travel
was provided by NATQO grant number RG85-0695.

'™M. A. Passler and D. E. Sayers, in 7etrabedrally-Bonded Amorphous
Semiconductors, edited by D. Adler and H. Fritzche (Plenum, New York,
1985), p. 37.

2T. D. Moustakas, in Tetrahedrally-Bonded Amorphous Semiconductors,
edited by D. Adler and H. Fritzche (Plenum, New York, 1985), p. 93.

3A. Barna, P. B. Barna, and J. F. Pocza, J. Non-Cryst. Solids 8-16, 36
(1972).

“F. Cki, Y. Ogawa, and Y. Fujiki, Jpn. J. Appl. Phys. 8, 1056 (1969).

‘R. H. Willens, A. Kornblit, L. R. Testardi, and S. Nakshara, Phys. Rev. B
28, 250 (1982).

°R. P. Elliott, Constitution of Binary Alloys, 1st Suppl. (McGraw-Hill,
New York, 1965).

™. Hansen, Counstitution of Binary Allops (McGraw-Hill, New York,
1958).

8For 4 recent review see D. B. McWhan, in Synrhetic Modulated Structure
Materials, edited by L. L. Chang and B. C. Giessen (Academic, New
York, 1985), Chap. 3.

“W. Sevenhans, §.-P. Locquet, and Y. Bruynseraede, Rev. Sci. Instrum. 57,
937 (1986).

1y, K. Schuller, Phys. Rev. Lett. 44, 1597 (1980).

U, Sevenhans, M. Gijs, Y. Bruynseraede, H. Homma, and I. K. Schuller,
Phys. Rev. B 34, 5955 (1986).

Homma et a/. 586



	Text6: 88


