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ABSTRACT

We have prepared, heat treated and characterized various amorphous
semiconductor periodic multilayers and ultrathin films. These were prepared
by several vapor deposition techniques at substrate temperatures ranging from
25°C to 300°C and possessed periodicities from 22 to 4008. Films were
subjected to isochronal thermal treatments at progressively higher
temperatures. Two effects were observed: enhanced diffusion and retarded
crystallization. Interdiffusion, at rates which are many orders of magnitude
higher than those anticipated from crystalline data, was observed in
a-Si/a-Ge multilayers. Crystallization of germanium, the more readily
crystallized member of the couple, is retarded; the extent depends on the
thickness of the layer. The thinner the layer, the greater the retardation.
Where intermixing is thermodynamically unfavorable as in a-Si/a-SiNx or
a-Ge/a-SiNx multilayers, and ultrathin germanium layers on 5102,
interdiffusion does not occur, however, crystallization of silicon or
germanium is again substantially retarded.

INTRODUCTION

There has been a dramatic increase in the study and development of
artificially structured materials during the past decade. Recently, a great
deal of interest has been centered on the fabrication of ultrathin films and
multilayers using amorphous semiconductors [1,2]. For these applications,
thermal stability is an important factor for ensuring device performance.
Although there have been many studies of the thermal stability of metal/metal
[3,4] and metal/semiconductor [5,6] multilayer films, relatively little is
known about the thermal properties of amorphous semiconductor/amorphous
semiconductor and amorphous semiconductor/dielectric [7,8] multilayer films.

To understand the temperature induced structural changes in amorphous
multilayers, a series of a-Si/a-Ge, a-Si/a-Si:Nx and a-Ge/a-Si:Nx periodic
bilayers were prepared by several techniques and characterized using Raman
spectroscopy (RS) and low angle x-ray diffraction (LAXRD). We have observed
two nobel effects: i) retardation of crystallization of ultrathin films and
multilayers of small periodicity and, ii) diffusion at rates orders of
magnitude higher than expected from crystalline data. These novel effects
appear to be negligible for films 200& or thicker. In this paper, the terms
tyltrathin® or "nanostructure" are used to refer specifically to materials in
the less than approximately 200R thickness range where such distinct
properties are observed. Similarly, the term "thin film" is applied to films
thicker than approximately 200&. Most prior studies of the annealing of
tetrahedral semiconductors have been limited to the realm of thin films.

EXPERIMENTAL

Regular, periodic amorphous multilayer structures were prepared by
various vapor deposition technigues. A PHI-400 Molecular Beam Epitaxy (MBE)
System was used for the preparation of the unhydrogenated a-Si/a-Ge samples.
These were termed molecular beam deposited, MBD,.multilayers. The nominal
thickness of the silicon and the germanium layers in each period were equal.
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Further details on the preparation of the multilayers are found in Ref. [9,
10]. Multilayers consisting of alternating layers of a-Si or a-Ge and a-SiNx
were prepared by ion beam sputtering using a 2.5cm Kaufman ion source
operating with pure argon for germanium or silicon and with a mixture of
argon and nitrogen for the preparation of the a-SiNx layer [9].
a~Si:H/a-SiNx:H multilayers were.prepared by glow discharge [10]. Samples
were annealed in argon in a furnace,

Both the 51458 and 48808 lines of an Ar’ ion laser were employed in the
Raman measurements. The LAXRD measurements were obtained using a Phillips
XRD-2500 diffractometer equipped for CrKu and CuKa radiation,

RESULTS AND DISCUSSION

Atomic diffusion, in covalent amorphous semiconductor multilayers, has
not been studied until very recently. Prokes and Spaepen [8] prepared
non-hydrogenated a-Si/a-Ge multilayers by ion beam sputtering and measured
the interdiffusion coefficient, D, using X-ray diffraction techniques. From
the Arrhenius plot, the value for the activation energy is Ea = l.6eV. More
recently, Persans and Rupper [7], using RS, studied the diffusion process in
a~SitH/a-Ge;H multilayers prepared by plasma assisted chemical vapor
deposition. By contrast, the activation energy of these hydrogenated
multilayers is 2.3eV. It was thought that this might indicate the rate
limiting step was bond breaking, possibly related to hydrogen effusion.

To understand the role that deposition parameters play in the
interdiffusion process, the MBE system was used to prepare a series of
regular periodic a-Si/a-Ge multilayers at various substrate temperatures, Ts,
over the range of room temperature to 300°C.

In Figure 1, we show the Raman spectrum of a multilayer deposited at Ts =
25°C before and after a series of isochronal anneals (ta = 60 min) at 400,

550, 600 and 700°C. Several points can be inferred from this figure:

a. After heat_treatment, the relative intensity of the Si-Ge local mode
at ~370cm™~ increased with the increase of the annealing
temperature, indicating that mixing at the interfaces was occurring. .

b. Normally, bulk a-Ge crystallized within a few minutes at 45000, but
in these nanostructure multilayers crystallization was substantially
retarded, More conclusive evidence of this retardation effect will
be presented in the following paragraphs.

c. Crystallization occurred only after complete intermixing was
~ achieved. Thus, the structure crystallized into a homogeneous alloy
with a composition near Si50Ge50 as determined by’ the position and
relative intensities’of. the Raman peaks in Figure le.

The alloy width, », was calculated following the method described in Ref.
[10] for data summarized in Figure 1 and for intermediate temperatures.
Values of » = 6, 19, 53 and 100R were obtained after isochronal (ta = 3600
sec) annealings at temperatUres of 400, 450, 500 and 550°%C respectively. The
temperature dependence of the diffusion coefficient, D, (D=m2/ta) is plotted
versus 1/kT in Figure 2 (circled dots), k being the Boltzman constant. From
the slope and intercept, respectively, of the upper line, an activation
energy of approximately 1.5eV was obtained. .

Similarly, a (50A/508 nominal) MBD a-Si/a-Ge multilayer prepared at Ts =
300°C was annealed for 1 hr at the same temperatures. The calculated alloy
widths after 400, 450, 500 and bEU C heat treatment, were » = 1, 2.5, 4.5 and
9R respectively, although the extent of 1nterdiffu51on is less; ‘
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an activation energy (Ea = l.4eV), comparable to samples at Ts = RT, was

calculated, 700 600 500 400 (°C)
. T I T —
To=RT MBD; a-Sl/a-Ge (50A/50A)
10-20
(-Gl (aGelyp  {e-Siho ikl SV .
e {si-Ge) o
-Si m Tg = 300°C
S Ep = 1deV
1o-21|-
4 Ta (C) -
i 3
£ 700 £
c
o
£ 10-22 [
£ 600
¥
50 1o
a-Sj/a-Ge
(50A/50A) 400 | +
I L L ! 1 1 ] 1
o700 200 300 400 500 600 12 m ® 18
Raman Frequency (om™) KT (V)
Fig. 1 Raman spectrd of a MBD Fig. 2 Arrhenius plot for
a~Si/a-Ge multilayer annealed MBD a-Si/a-Ge multilayers
at different temperatures. prepared at Ts=RT and 300°C.

The observed decrease in diffusion rate, in the multilayers between Ts=25
and BDDDC, correlates qualitatively with the known decrease in defect density
of a-Si and a-Ge thin films, as Ts increases over the same temperature
range. Since diffusion can be tied to defect density and structure on an
atomic level, the observed decrease in diffusion rate with increasing
temperatures suggests the defect density of the multilayers which similarly
declines as Ts increases.

The diffusion rates of amorphous silicon and germanium in these
multilayers are many orders of magnltude hlgher than those measured for their
crystalline counterparts. This has

aggg&ﬁ”* previously been observed for samples
o8l prepared by other technlques 57 B]
Annealed From Figure 2, D(400°C) = 10 ,

whereas dlffu51v1tles at the same
temperature for Ge in crystalline
850°C silicon and in crystalline germanium
have beepn_extrapolated to be only
4.35x107 "w?s7L [11] and
5.3x10""On2s L [12] respectively.

In Figure 3, we show the Raman
spectrum for a (40R/20R)
a~Si:H/a-SiNx:H periodic multilayer
before and after anneal at 400, 500,
700 and 850°C. The Raman spectrum of
the a-Si:Nx:H layer had no distinctive
features because of its much lower
Raman cross-section, and hence did not
contribute to Figure 3.

Fig, 3 Raman spectra of an a-Si:H/ changes in the Raman spectrum, of
a-Si:H:Nx multilayer before and thin film a-Si:H after heat-
after annealed. treatments, have been reported [13].
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The changes in the frequency and relative intensity of the main two features
in the Raman spectrum induced by low annealing temperature (Ta~<400 C) were

related to hydrogen effusion while higher annealing temperatures induced

changes were associated with an improvement in the microscopic structural

order [13]. In contrast, the Raman spectra of the multilayers annealed in

this study were observed not to have changed after having been subjected to

thermal treatments which would substantially alter the spectra of thin film
a-5i:H, Neither a frequency shift nor a change in the amplitude of the main

Raman peaks were observed after an anneal at temperatures below the

crystallization temperature. The thermal stability of the Raman signal |

1mplles negligible structural changes on the atomic level at a microscopic

scale in the a-Si:H phase. This is further reflected in a decreased tendency

toward thermal induced crystallization. Whereas a~Si and a-Si:H thin films

>200R thick crystallized in one hour at Ta~<700 C it was found that the

crystallization temperature, Tc (1 hr), of ultrathln a~-Si:H layers in

multilayer structures was elevated. The thinner the a-Si:H layer, the higher

was Tc (1 hr). For instance, for the a-Si:H layers in a 40& a-Si:H/20R

a-SiNx:H multilayer Tc (1 hr) = 850°C while for the 20R a~Si:H/40R& a-Si:Hx:H

multilayer, Tc (1 hr) = 1000°%c. 1t should be noted that based on both LAXRD

and RS data no measurable thermal induced layer intermixing occurred. "

A similar retardation effect was observed in a-Ge/a-Si:Nx multilayers

prepared by ion beam sputterlng In this system, as in the a-5i:H/a-SiNx:H

case, interdiffusion is energetically unfavorable. The germanium layers !

crystallized at annealing temperatures

much higher than those observed for

a-Ge/a-Si Ny

(504 /154) c-Ge b
a)As-prepared

b) 700°C Ihr

thicker layers (~>200R).
In Figure 4, we show Raman (top)
and LAXRD (bottom) data for an

a-Ge/a~-Si:Nx multilayer film with a
nominal structure of S0& a-Ge/l5&

a a-Si: Nx as~prepared and after heating
at 700°c/1 hr. After successive
exposures to increasing temperatures,
the a-Ge layer crystallizes at Ta =

700°C/1 hr. as indicated by the sharp
crystalline germanium (c-Ge) peak at

297em™t. The Si-Ge peak in the range

o GorSIN GONTER) of 390cm™~ remains weak, providing

d = 80A evidence that there is little
interfacial mixing during
crystallization. The many higher
order peaks, which can be seen in the
LAXRD data shown in the bottom part of
Figure 4, should also be noted; these
provide evidence of sharp layering

- that has not been disrupted by
crystallization. From this data,
values of the period and interfacial
width of the as-prepared and annealed
samples were calculated using the
technique developed by Underwood and
Barbee [14]. A reduction in
periodicity of less than 2% and no
significant change in the interfacial
width (~5R) after crystallization
at Ta = 700°C were obtained.

Figure 5 shows the Raman spectra
of MBD a-Ge ultrathin films having
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Fig. 4 Raman spectra (top) and LAXRD
(bottom), as-prepared and annealed
at 700% a-Ge/a-SiNx multilayer.
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various thicknesses from 50 to 200&
(see insert in Figure 5) after
annealing at 600°c/1 hr. A shutter,
r which could be closed step by step,
was used to prepare these four
thicknesses on a single 5102 substrate
during one deposition. Successive
isochronal (1 hr) anneals, in the
range of 400 to 60000, show an
increase in the crystallization
temperature for a decrease in

thickness. At Ta = 400°C,
crystallization occurs only for the
200& region. Progressively higher
annealing temperatures promotes
crystallization of progressively
thinner -germanium layers. At Ta =
600°C (Figure 5), with the exception
of the 50& thick region, all the
i L. Ll remaining regions are totally or
150 200 250 800 350 partially (100R) crystalline.

Reiman Frequency (om™!) While thickness has been cited
Fig. 5 Raman spettra of MBD a-Ge previously as one of many parameters
ultrathin film having various (including purity substrate and
thicknesses after annealed at 600°C. environment) which influence the

crystallization kinetics of a-Si and
a-Ge [15], until this investigation of

nanostructures, the effect of thickness on crystallization temperature was
found to be relatively modest. Our results show that a reduction of layer
thickness to order of several nanometers results in a substantial thermal
stabilization at the amorphous phase and retardation of crystallization.

A possible microscopic mechanism for thermal stability of ultrathin
amorphous layers can be drawn from the analysis of Zellama et al, [16] on the
crystallization of a-Si layers. Their results allow one to compute the
approximate values of the thermodynamic parameters which characterize the
crystallization. It was found that crystallization can only occur if
spherical nucleation sites having a minimum critical size (~15& diameter) can
be formed. Accordingly, amorphous layers with thickness comparable to the
critical size are thermodynamically stable, even at annealing temperatures
above the crystallization temperatures of thicker films.

a-Ge
Single layer *

Aok
o]

2008

Raman Intensity

Annealed at
600°C/1 hr.

'CONCLUSIONS

Annealed induced changes in various types of amorphous periodic
multilayers are reported. Samples showing very sharp interfaces (little
evidence of layer intermixing) exhibit novel transformations including: a)

. interdiffusion at a rate orders of magnitude higher than anticipated from
crystalline data; and b) retardation of crystallization in ultrathin
amorphous layers and multilayers having small periodicities (nanostructure
multilayers). It is suggested that the enhanced diffusion process, in the
amorphous phase, proceeds via defects, i.e., possible dangling bonds.
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