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Local modification of single-crystal silicon can consist of a planar nanostructure
buried at a given depth (e.g. tens of nanometers). This substructure can take the form of
a thin amorphized layer having two a-Si/c-Si heterointerfaces at its edges. The morpho-
logy of the interfaces and the structural homogeneity of the substructures represent the
main factors for device performance improvements on the mesoscopic scale.

The first stage of the local single-crystal Si modification consists of a post-implantation
structural unification of the transition zones. The two Si phases at each heterointerface
become homogeneous each with its own bulk. They are separated by a very thin transition
zone. This is the basic process for fabrication of the new so-called d-BSF solar cells. High
resolution electron microscopy shows that a thermal treatment is able to transform totally
the structural mismatch between single-crystal and amorphized phases into well-defined
zones, each conserving its structural characteristics on the atomic scale. This signifies in
practice that structural transition zones can be completely removed to leave sharp
heterointerfaces in their place. The processes described in this paper represent a basis

for defect and stress engineering of Si solar cells.

1. Introduction

The idea of a superposition of different materials by
heteroepitaxy can be extended to a conjugation of dif-
ferent phases (of the same or of different materials) [1].
This approach allows for: (i) widening of material
modification possibilities, (ii) new material combina-
tions and (iii) new device arrangements [2-5]. How-
ever, in most cases of heteroepitaxy, a single-crystal
superposition (or single-crystal and amorphous super-
position) involves a lattice mismatch at the interface
between different materials. This will entail a high
recombination velocity, which has to be controlled
with specially adapted thin intermediate layers [3, 6].

Even with a very small density of defects at the
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heterointerface between a single-crystal and an amor-
phous phase a stress in the initial and deposited layers
will be produced, which can be spread within the
heterointerface transition zone [7]. We have observed
stress effects in an amorphized Si (a-Si) single-crystal
Si (c-Si) superposition produced by implantation-
buried amorphization conjugated with subsequent ther-
mal treatment [8]. Our experience opened the way to
new potentially useful structures [9]. After an adequate
thermal treatment, the two Si phases at each
heterointerface become homogeneous each with its
own bulk. They are separated by a very thin structural
transition zone on the atomic scale. This two Si phase
superposition has been observed for the first time as
being free from detrimental interface states.

* Presented at the 12" School of Optoélectronics: Photo-
voltaics — Solar Cells and Infrared Detectors, Kazimierz Dolny,
May 22-24, 1997.

Z.T. Kuznicki 175



Multiinterface solar cell with ...

Since flat buried layers with low defect concentra-
tion are desired for most technological applications,
controlling when and how stress activity occurs be-
comes a key issue in material superposition [10]. Be-
cause of numerous post-implantation defects with dif-
ferent behaviors, the as-implanted structures cannot be
used without a conjugated treatment. An adequate
treatment has to take into account several stages dif-
ferentiated from each other by defect gettering or
defect modification. This paper describes a-Si/c-Si
transition zone modifications during regrowth and an-
nealing which are vital to improvements in Si op-
toelectronic performance. This is the basic process for
fabrication of the new so-called d-BSF solar cells. ("d"
signifies the thin inserted substructure and "BSF", back
surface field).

2. Technology

High efficiency solar cells have to exploit the
largest possible range of the solar spectrum, ie. IR
photons for the sub-gap range and the additional ener-
gy of energetic photons from the UV and the visible
ranges. The superposition of different materials is an
important subject of materials engineering because of
its applicability to a variety of technological situations
[1]. One area presently attracting a good deal of re-
search is the superposition of electronic and op-
toelectronic materials by way of active substructures
[2]. By adding active interfaces, it is possible to tailor
the electronic or optical (or both) properties in a way
which is just not possible with simple modifications or
superposition of different materials [3].

The two above mentioned Si phases seem to be
very interesting for optoelectronics from this point of
view because of their complementary optical and
electronic properties [8, 4-6]. The usefulness of a dif-
ferent phase superposition is determined by the atomic-
like order at the heterointerface (rather than at the
heterointerface transition zone). The atomic order of
single-crystal material is well defined. In amorphous Si
this order is characterized by short-range interactions
of a given type [11], depending on the material origin
of CVD, plasma deposition or implantation. To distin-
guish the disordered Si structure obtained by ion beam
implantation we call it amorphized (not amorphous) Si
material as in [11].

In experimental samples the absorbing substructures
(buried planar continuous 50-70 nanometers thick
layers) have been made by P ion implantation in the
(100) oriented Si single-crystal at = 180 keV at room
temperature [3, 12]. The implantation dose has been
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Fig. 1. RBS characterization of a P implanted heterointerface
emitter [12]: curve (1) — distribution for the as-implanted
multiinterface structure; curve (2) — final structure after ther-
mal treatment; curve (3) — reference distribution for amor-
phous Si; curve (4) — a simulated RBS distribution for an
amorphous Si layer; and curve (5) — reference distribution of
single-crystal Si. The amorphized substructure has a thick-
ness of d =70 nm at the depth xA = 100 nm. The P-N interface
is inserted at a depth xj = 500 nm from the front face.

adapted to produce a sufficiently thick buried amor-
phization and a limited defect density in the single-crys-
tal layers. The doses varied between 5 x 10 and 1015
cm2. After a subsequent thermal treatment at 500°C
[10, 12] during 15 to 30 min (the precise conditions were
defined in a separate comparative study [3]), the 50-70
nm thick amorphized layer was situated below a single-
crystal layer of 100 nm. In Figs. 1 and 2 the modification
under thermal treatment is visualized (the Figs. 1 and 2
concern different samples). The modified material has a
large concentration of implanted dopants which are in
practice totally ionized [13]. The electrically neutral im-
purities occur only in the deeper single-crystal region
under the substructure.

Fig. 1 shows the comparison of a heterointerface
emitter of the d-BSF cell before and after thermal
treatment as obtained by Rutherford Backscattering
Spectroscopy (RBS) under channeling incidence with
2 MeV 4He. The amorphized and single-crystal
regions can be distinguished by the amorphous and
single-crystal reference signatures [10, 12]. A shift of
cach (upper and lower) of the a-Si/c-Si heterointer-
faces during annealing can be observed. The bottom
interface moves more rapidly than the upper one [14].

The results presented in Fig. 1 are confirmed by the
High Resolution Electron Microscopy (HREM) im-
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Fig. 2. HREM images of the buried amorphized substructure formed by impurity implantation [15]: a) as-implanted, b) after
adequate thermal treatment. The geometrical dimensions are visualized in the figure.

ages (Fig. 2 [15]). In this case HREM allows another
important observation. The buried amorphized sub-
structure contains a lot of single-crystal inclusions
within its bulk before the annealing. The a-Si/c-Si as-
implanted transition zones are formed of a mismatch of
single-crystal and amorphized "grains" which cannot
in any case be ascribed as a flat interface. After an
adequate thermal treatment, the epitaxial regrowth [16]
(also called solid phase epitaxy) of the amorphized Si
leads to a transformation characterized by the follow-
ing: (i) a reduction of the buried layer thickness, (ii) a
total homogenation of the amorphized material (Fig. 3
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illustrates the effect of the post-annealing homogena-
tion of the amorphized phase) and (iii) the smoothing
out of a-Si/c-Si interfaces corresponding to practically
total disappearance of structural transition zones. A
multiinterface flat nanostructure (with a buried amor-
phized layer) with a large area has thus been formed by
P impurity implantation and a conjugated thermal
treatment. The initial poor quality transition zones
changed their structural aspects completely during the
suitable thermal treatment. The next step concerns a
fine characterization of the transition zone structure
and its modifications during annealing.
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Fig. 3. HREM images from Fig. 2 at greater magnification [15]: a) as-implanted, b) after adequate thermal treatment. The
effect of the post- annealing homogenation of the amorphized phase is well-illustrated.

3. Characterization of the d-BSF solar
cell structure

An active interface can be defined as a mesoscopic-
scale device component which is able to complete or
even dominate the basic material properties. The trans-
formation of a multilayer to a multiinterface structure
can cause considerable modification of device proper-
ties without any conspicuous material modification.
This fundamental effect has been revealed on the struc-
tural level by HREM images of as-implanted and an-
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nealed structures. Optoelectronic improvements of the
single-crystal Si solar cell are controlled by the atomic
scale structural behavior of the a-Si/c-Si heterointer-
face.

3.1. As-implanted transition zone

The rough heterointerface transition zone of an as-
implanted multilayer device is composed of a mis-
matched superposition of the single-crystal and amor-
phized cluster-like "grains." The single-crystal and
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a) Upper interface

b) Lower interface

Fig. 4. HREM images from Fig. 3 at greater magnification [15]. The two as-implanted transition zones, upper (a) and lower

(b), are visualized on the atomic scale.

amorphized grains can contain hundreds of atoms. The
non-annealed transition zone is relatively wide (2.5-50
nm) and its composition changes gradually from a
totally single-crystal material to a totally amorphized
material. Some single-crystal inclusions within the
amorphized bulk are also present. Fig. 4 shows the
as-implanted transition zones of the upper and lower
interfaces.

3.2. Annealed transition zone

After an adequate thermal treatment, both the upper
and lower structural transition zones practically disap-
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pear (Fig. 3). The thermal treatment causes a dilution
of the included single-crystal clusters which seem to be
too small for germination of a polycrystalline structure
(their initial crystalline orientation is conserved after
amorphization). The single-crystal outside the amor-
phized layer allows regrowth of the former crystalline
lattice. These phenomena allow the strong homogena-
tion of the buried layer. The structural transition zone
disappears and a flat heterointerface is formed. In Fig.
5 the effects of the considerable transformation of the
annealed transition zones can be observed. The transi-
tion from the single-crystal to the amorphized material
phase is realizable on a one atomic layer scale.
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a) Upper interface

amorphized layer

P

Fig. 5. HREM images from Fig. 3 at greater magnification [15]. The two annealed transition zones, upper (a) and lower (b),
are visualized on the atomic scale. An active interface is well-formed at the upper as well as at the bottom substructure edges.
After annealing, the built-in stress field inserted within the a-Si/c-Si transition zone exhibits a perfectly two-dimensional

behavior.

The present approach consists in producing a multi-
interface structure from initial multilayer superposition
of the two Si phases which are complementary from
the optoelectronic point of view. It seems that the ac-
tive interface free of extended defects allows control of
the optoelectronic properties of the transition zone.
Because the quality of the a-Si/c-Si heterointerface
dominates the device behavior, it will be possible in
this way to realize in practice the new concept of the
d-BSF solar cell of very high efficiency.
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4. Discussion

We have tried to indicate that the effect of stress
activity [7] can be controlled in a way that minimizes
its negative aspects (or better, exploits its positive
aspects) on the device level. In the a-Si/c-Si transition
zone, there are two of local stresses because of the amor-
phized and single-crystal density difference (of = 2%):
local stress existing at heterointerfaces between single-
crystal and amorphized material with separated grains
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(amorphized or single-crystal) and local stress along
the smoothed-out heterointerface [7]. Possible relaxa-
tions can appear on both the atomic and the meso-
scopic scales.

Because the small "grains" correspond to a very
limited quantity of material, their three-dimensional
stress behavior depends on the grain size. With small
amorphized grains, an additional local compression
which cannot be relaxed in any direction is present.
This stress can cause a different atomic arrangement
[11] and a corresponding local three-dimensional
deformation. The mesoscopic relaxation along the flat
heterointerface shows a uni-axial behavior and appears
in the direction perpendicular to the device surface.

Stress-induced shape changes of the transition zone
influence the interface morphology only during the
early stages of the recrystallization. It seems that the
buried amorphized material forms a compressively
stressed layer after annealing. During the post-implan-
tation annealing, the mean heterointerface stress chan-
ges from three- to two-dimensional [9]. At the as-im-
planted single-crystal edge of the transition zone, it is a
three-dimensional stress of small amorphized grains
and at the amorphized edge it is a two-dimensional
stress of the uni-axially-relaxed amorphized layer. The
post-annealing sharpening of the transition zone leads
to a further enhancement and homogenation of local
stress. This type of stress concentration should lead to
misfit-dislocation source behaviour by lowering the
barrier to dislocation nucleation in a single-crystal lat-
tice. In an amorphized material, the same effect can
lead to a new atomic arrangement which signifies a
new defect behavior.

High resolution electron microscopy visualizes the
basic structural transformations of the a-Si/c-Si transi-
tion zone found earlier by other techniques. The as-im-
planted heterointerfaces are rough. After a thermal
treatment the interfaces become flat on the atomic
scale. But the velocity of the solid phase epitaxy is
much greater for the deeper interface than for the shal-
lower. The amorphized layer becomes homogeneous
because of the "dilution" of small single-crystal in-
clusions. It has been observed that the upper (and
lower) single-crystal layer, damaged during the im-
plantation, can be gettered and homogenized by ade-
quate annealing up to the a-Si/c-Si heterointerface.

The short-range atomic order at the heterointerface
transition zone in the multiinterface design is higher
than in the case of corresponding heterojunction
design. So the final atomic order desired for a multi-
interface solar cell at an a-Si/c-Si heterointerface con-
Jjugated with a useful local stress can be obtained by
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implantation. To reduce, modify and control the post-
implantation defects, an adequate thermal treatment is
necessary. Stress relaxation in nanostructural mis-
matched heterointerface systems has become a matter
of great urgency with regard to possible applications of
stressed nanolayers in optoelectronic systems and, in
particular, in high efficiency Si solar cells. It is clear
that ion beam processing allows the formation of all of
the basic d-BSF device components. The final solar
cell structure can be much better controlled on the
heterointerface transition zone level in the multiinter-
face design than in the case of corresponding
heterojunction design. So the final PV conversion ef-
ficiency can be greater than those of heterojunction
cells, with 21% being obtained up to now [3].
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